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REVIEW OF THE CHEMICAL STRUCTURE OF 
FUELS AND THEIR DETONATION IN ENGINE. 


By A. G. Mazurkrewicz, A.M.I.Chem.E., and V. G. OBERHouzER, B.A. 


SumMMARY. 


Due to the large accumulation of data published by the many laboratories 
working on the subject of combustion during the war, a need has arisen for a 
general review of the results. 

An attempt has been made here to bring out the salient features of the 
methods of investigation employed in this field. Some general suggestions 
have been put forward for the different classes of compounds considered in 
an effort to correlate chemical structure with engine performance of fuel and 
fuel additives. 


INTRODUCTION. 


Tue problem of the elimination of knock phenomena during the com- 
bustion of fuels in reciprocating engines has been the subject of close 
collaboration between those interested in the theory and processes of 
combustion and those more concerned with its practical application. 

The process of combustion of hydrocarbons is, in itself, extremely 
complicated, and the investigation of the influence of given factors is 
often laborious. Even more difficult is the simulation of engine working 
conditions in the laboratory to give results applicable to full-scale engines. 
Laboratory methods mainly used in investigating processes of combustion 
have not as yet given any satisfactory or corresponding results. 

The data for hydrocarbons, such as the values obtained for temperature 
of self-ignition, velocity of flame propagation, ignition-lag, and their 
dependence on temperature and pressure, give only a qualitative measure 
of the direction of the development of the combustion process in an engine. 
Consequently no absolute figures are obtained which could be, for instance, 
related to the octane number by a simple mathematical formula. 

Due to the urgency of these problems, investigation of knock phenomena 
was studied in a test engine, giving results directly applicable to any 
engine, since the experimental conditions approximate closely to actual 
working conditions. This does not imply that the combustion process 
occurs under simplified conditions; on the contrary, the experimental 
conditions are even more complicated. The results obtained, however, 
could be applied with far greater assurance to a full-scale engine than 
those from other methods. 

During the test of the knock properties of a fuel not only the fuel itself, 
but also the apparatus—in this case, the test-engine—and its operating 
conditions have a decisive influence upon the measured result. There- 
fore when citing the performance figures of a fuel one must necessarily 
mention the kind of test method applied. The great divergence in results 
sometimes obtained from measurements of the octane number of fuels 
is due in most cases to the different engine conditions under which measure- 
ments were made. Great care has therefore to be taken if the test data 
is to be applied to a full-scale engine. 

3z 
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Knock-rating. 
Among the many engine-methods widely used in Great Britain and in 
America, two main groups may be distinguished : 


(a) Critical compression ratio methods which have a variable 
compression ratio of the cylinder and a constant intake pressure ; 

(b) Supercharged methods which use a constant compression ratio 
but have a variable intake pressure and mixture composition. ad 


To the group (a) belong the C.F.R. Research Method, C.F.R. Motor 
method and A.F.D. 1C method.' In the group (6) are the A.F.D. 3C 
Method.? American methods F-3 and F-4 and other individual methods 
used by different oil companies and other big firms such as: the 17-6 
Method accepted by N.A.C.A. and Ethyl Gasoline Corpn.,’ and original 
methods applied by General Motors ¢ or I.G. Farbenindustrie 5 and B.M.W. 
in Germany. 

This division of the methods into two main classes is very helpful when 
considering knock data and the relative performance of any two fuels. 

It is a well-known fact that the preliminary reactions which develop 
in an air-fuel mixture during the compression stroke are responsible for 
the knock phenomena. They give rise to the formation of active knock- 
producing agents in such a quantity that, at the moment of increase of 
temperature up to a certain value, a very rapid oxidation in the whole 
mass occurs accompanied by the characteristic knock. 

The temperature before the passing of a spark—i.e., after the com- 
pression stroke—has a decisive influence upon the occurrence of the 
knock. It is dependent on the compression ratio in a given cylinder 
according to the usual formula for adiabatic compression : - 


T,=T,. (2 
: (>, 
Consequently, in the comparison of two fuels tested on the C.F.R. M.M. 
engine we have strictly speaking two variables for each fuel: the type 
of fuel and the critical compression ratio. We would therefore be com- 
paring—and this is important—the knockings of two fuels which were 
obtained at different temperatures due to the different compression ratios. 
The better fuel is therefore tested under more unfavourable conditions. 
At a compression ratio of 8 or more the increase in temperature is so 
big that it obliterates the differences in the development of the preliminary 
reactions and just causes ignition to occur in the whole mass instan- 
taneously. This explains the fact that the so-called ‘‘ good fuels,”’ such 
as Triptane or 100/150 fuel, which have a very high performance as com- 
pared with iso-octane on the A.F.D-3C engine, differ only slightly or not 
at all from pure iso-octane when tested on the C.F.R. M.M. Engine. 

The AFD-1C method ® especially takes into account the influence of 
temperature on the knock-phenomenon. The criterion of knock in this 
method is not the frequency of its occurrence as registered on a knock- 
meter, but the increase in temperature occurring under knock conditions. 
This increase is compared with the corresponding value of a reference 
fuel such as benzene, and 87 O.N. ise-octane and n-heptane blend. 
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In the measurement of anti-knock properties of a fuel in an engine 
the air-intake temperature is the most important factor in which only 
relatively small errors may be tolerated.” *® The marked influence of 
air-intake temperature (A.I.T.) on the knock performance of a fuel has 
been well confirmed. Certain hydrocarbons, such as aromatics, are very 
sensitive in this respect. Their low performance of the C.F.R. M.M. 
engine is due to the rapid decrease in their anti-knock properties with 
increase in the intake temperature. (300° F. in C.F.R. M.M. method) and 
compression ratio. 

Results obtained from the C.F.R. Motor method give no indication 
as to the behaviour of fuels at rich fuel-air mixtures or supercharged 
conditions, but just give a reasonable measure of the knock resistance 
of the fuel at lean fuel-air mixture—in other words, under cruising 
conditions. 

The AFD-3C engine method seems to be more valuable than the 
earlier models because it determines the behaviour of fuel along the whole 
range of fuel-air mixtures. The compression ratio is constant at 7: 1, 
hence the increase in temperature due to adiabatic compression is also 
constant for the mixtures of the same strength such as are usually 
compared. 

The flame temperature of the progressing explosive wave depends on 
the composition of the mixture. The temperature of the combustion 
increases as the . mixture composition approaches the stoichiometric 
proportion, and near this point the knock resistance of a fuel has its 
smallest value, therefore knocking will occur at lowest boost. 

In the above outline emphasis has been laid on the importance of the 
influence of the test method upon the final result of fuel testing. The 
necessity of testing fuels over the whole range of mixture composition 
must be particularly stressed. 

According to the opinion of N.A.C.A. or Ethyl Gasoline Corpn., AFD-3C 
Method (American F-4) is the most reliable method,* and it simulates 
the full-scale engine conditions with the best conformity. 

As far as the fuel itself is concerned the purity of the sample to be 
tested must be assured. Samples of pure hydrocarbons are sometimes 
quite difficult to obtain, and this fact makes F-3 or F-4 tests of restricted 
applicability. This fact, together with the results of investigations 
carried out on the behaviour of fuel blends, has led to the use of “‘ blending 
octane numbers ”’ which will be dealt with later. 


Kwnook CHARACTERISTICS OF FUELS. 


The connection between the chemical structure and anti-knock properties 
has always attracted the attention of physical chemists. The character 
of the work requires a system of classification whereby compounds may be 
divided into definite groups and each group considered separately. 

First considering hydrocarbons, paraffins, olefins (diolefins), acetylenes, 
naphthenes, and aromatic hydrocarbons, the relation between their 
molecular weights and boiling-points and their octane numbers is illus- 
trated in Fig. 1.9 This gives some comparison between the different 
groups of hydrocarbons having the same number of carbon atoms. Anti- 
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knock properties in general decrease with increasing molecular weight for 
normal paraffins, «-olefins, and naphthenes. Aromatic hydrocarbons, 
however, are quite the reverse, improving their anti-knock values with 
increasing molecular weight, whereas the iso-paraffin show little variation 
in this respect. In the paraffins and olefins chemical structure has the 
largest effect on the knock performance of the various isomers. The 
number of possible isomers, as in the paraffins, increases enormously with 
increase in number of carbon atoms. Thus butane has only two isomers, 
heptane-9, tridecane-802, and hexadecane about 10,000. 
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The iso-paraffins, which behave differently from the n-paraffins, generally 
have a great knock-resistance, and from a comparison between their 
chemical structure and octane values one can make the following general 
rules—the octane number rises with : 


(1) Increased branching of hydrocarbon chain ; 
(2) Greater compactness of the branched structure ; 
(3) Increase in the symmetry of the structure. 


These rules are observed for iso-paraftins in Table I. 

The excellent anti-knock properties of 2 : 2 : 3-trimethylbutane and the 
effect of symmetry upon the knock performance in iso-paraffins attracted 
our attention to 2:2:3:3-tetramethylbutane. This compound we 
named ‘“‘tetrane,’’ from the analogy with triptane. Results of other 
investigators justified the hope that tetrane would prove outstanding as a 
fuel additive. Unfortunately it is a solid, and therefore its application 
would be largely governed by its solubility characteristics. 

According to Fig. 1 olefins are better than the normal paraffins with 
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the same number of carbon atoms. The influence of branching is also 
considerable, and shown in Fig. 2.4 

Thus we may deduce a further general rule that the presence of a 
double-bond is a favourable factor in chemical structure regarding the 

















TaBLe I. 
Octanes. 
: , C.F.R. M.M. 
Chemical name, Chemical structure. | outs Gamien. 
n-Octane . 0-C-0-0-0-0-C-C | _17 10 
Cc 
3-Methylheptane on J 
| C-C-C-C-0-C-0— =" 26-8 11 


, C 
2 : 5-Dimethylhexane ‘ : ‘ eed 55-8 
€ ’ | 
C 


c 
2 : 3-Dimethylhexane ae 2 Ne-doo-c | 78-9 
Cc 
| 
C-C | 
3 : 4-Dimethylhexane ‘ ‘ ; So-0-c , 81-7 
C | 


¢ 
| 
2:3: 3-Trimethylpentane . . . 0-0-0-€ | 99-4 
Cc 


c -C 
2.Methyl-3-Ethylpentane .  . oe 88-1 
- 








2:3:4-Trimethylpentane . P ‘ DO-oeK 95-9 
Cc y 
C 
2:2:4-Trimethylpentane . ‘ : Cc 100 
oe 
| 
C 
C 
2:2:3-Trimethylpentane . , ; C at 99-9 
| —C 
2:2:3:3-Tetramethylbutane ™ , : able 103 
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Tasie II.” 
Blending Octane Numbers of iso-Paraffins (C.F.R. Research Method). 











Hydrocarbon. Chemical structure. Octane number. 
ial fies eee 
Tetramethylmethane . ote 116 
( 
C. C 
2 : 3-Dimethylbutane . oK, 124 
Cc 
C 
2: 2: 3-Trimethylbutane (triptane) Cc TX 116 
cc 
2: 2:3: 3-Tetramethylbutane (tetrane) * % 130 
f C 
3:3: 4: 4-Tetramethylhexane al coitoc 124 
| b¢ 








Tasie III. 


Symmetry and Blending Octane Number (C.F.R. Research Method). 





Hydrocarbon. 


Chemical structure. 


Octane number. 





2-Methylpentane 


2 : 2-Dimethylpentane 


2 : 4-Dimethylpentane 


3-Methylpentane 


2 : 3-Dimethylpentane 


3 : 3-Dimethylpentane 
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knock performance. The position of the double bond is also an important 
factor, being more favourable when nearer the “centre’’ of the com- 
pound, and the diolefins are greatly improved if their double bonds are 
conjugated. The general rules given above in the case of tso-paraffins 
can be applied successfully to iso-olefins, as seen in Table IV. 














Taste I[V.?!! 
Properties of iso-Olefins. 
Octane numbers. 
Hydrocarbon. pean 
: C.F.R. Res.M. | C.F.R. M.M. 
212° FA.I.T. | 300° F A.L.T. 
$-Octene. . . «~~. | COC=CCCCC 72:5 68-1 
CC=CCCCC 
2-Methyl-2-heptene . ° ‘ 759 71-0 
Cc 
2 ; 3-Dimethyl-1-hexene ‘ : im 96-3 83-6 
C=CCCCC 
LI 
2:4: 4-Trimethyl-1l-pentene : c=bote 100 + 0-5 88-6 
Cc 














It is quite difficult to establish a general rule regarding naphthenes 
either for the 5- or 6-ring compounds. Their octane values lie in between 
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those for the n-paraffins and aromatics with the same number of carbon 
atoms. One may safely assume that such values give a measure of the 
influence of the saturated rings, since the number of C and H atoms is 
identical with that of the corresponding olefins and there are no double 
bonds present. The effect of a saturated six-carbon ring thus seems to 
have a stronger influence than the double bond in olefinic compounds, 
The octane value of naphthenes decreases with increase of molecular 
weight, especially when the side-chains are n-alkyl-groups. The presence 
of branched (iso- or tertiary-) alkyl groups in side-chains improves the 
performance appreciably, as also does the presence of a double bond in 
the ring. 

Aromatic hydrocarbons constitute a chemical group combining both 
unsaturation and a 6-carbon atom ring. Such a combination is, as one 
would expect from the above, very good, and in fact aromatics are excellent 
anti-knock compounds. Molecular weight increase at low air-intake 
temperatures has here the reverse effect to that given by the previous 
groups considered. This is shown in Fig. 1, which was constructed from 
data obtained using the C.F.R. Research Method where air-intake 
temperature is 212° F and engine speed 600 r.p.m. 

The first three homologues of the aromatic series under C.F.R. M.M. 
conditions—i.e., at higher intake temperature 300° F and engine speed 
900 r.p.m.—show the reverse sequence, the critical compression ratios 
having the following values : 


Xylene . ° ‘ ° . 108 
Toluene . . ‘ ‘ . 1215 
Benzene . m i . 126 


Benzene here has the highest C.C.R.,! in that as the air-intake tem- 
perature increases the anti-knock properties decrease for all three, but to 
a different degree. Xylene is the most sensitive to an increase of 
temperature, whereas benzene is the least affected. 


TaBLe V.'5 
Blending Octane Numbers of Aromatic Hydrocarbons. 











‘ ] ; 
Hydrocarbons. | GF.R. Res. M.| C.F.R. MM. | 0, D70P in 
Benzene | 108 87 21 
Toluene . ‘ 120 90 30 
Ethyl benzene . 128 97 31 
o-Xylene . . ‘ ‘ 4 121 97 24 
m-Xylene . . . : : 144 104 40 
p-Xylene . ° ‘ : 154 104 50 








The increase of air-intake temperature in the C.F.R. M.M. severely 
affects the performance of aromatics, whereas in the AFD-3C rating 
method all the advantages of the aromatics can be shown. Other super- 
charged test methods give similar results in this respect. 

Tests were conducted in a Wright R-1820 G200 cylinder at cruise rating 
(2000 r.p.m. and 210° F A.LT ) and take-off rating (2500 r.p.m. and 250° F 
A.I.T). The concentration of the aromatics were 25 per cent. vol. in 
the reference fuel 85 O.N : C.R. 7-3: 1; Spark advance 20° B.T.C.1* 











col 








~~ wo Se - Ww Se BS OS 


wee Se Vw ar v 











STRUCTURE OF FUELS AND THEIR DETONATION IN ENGINES. 693 


Each compound gives two values, a lower and higher one, under operating 
conditions, as indicated : 





TaBLe VI. 
%, Knock limited 
Hydrocarbon. L.M.E.P. of iso-octane. 
Benzene . . . | 93-123 
Toluene 3 . ‘ ‘ 112-149 
p-Xylene . ' ‘ ; 121-164 
Mesitylene . ‘ , F 125-172 











The sequence of knock values is in full conformity with the results 
obtained in the C.F.R. Research Method. As mentioned before, the 
influence of temperature in the supercharged methods is contained in 
the specific fuel consumption or fuel-air ratio. The closer the fuel-air 
mixture is to the stoichiometric composition the higher the temperature 
of combustion becomes. Fig. 3 shows the steep fall of the rating curve 
of an aromatic fuel when tested at lean mixtures—i.e., at higher 
temperatures. 


Aromatic fuel 





B.SAE.P. Lb/ 89-07. 








Specific Forel Consumption (O/pyp br 
Fre. 3.2” 


The paraffins or. the naphthenes never show quite the same sensitivity 
to increase in air-intake temperature. 

Side-chains in aromatic compounds have a similar effect to those in 
the naphthene group. Very long, unbranched chains do not have any 
favourable influence, whereas short and strongly branched chains improve 
the performance noticeably. 

This influence of branched side-chains appears repeatedly in all kinds 
of hydrocarbons, those found as components in crude oil and those 
synthetically produced. 

Aliphatic alcohols and ketones show a similar behaviour with regard 
to the structure of their side-chains, their length, and grade of branching. 
These points are illustrated in Tables VII and VIII. 
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Taste VII. 





























Alcohol. Structure. Aniline number. 
n-Heptanol . : : . | CCCCCCC-OH —6 
CCCCCC-OH 
1-Methylhexanol . ‘ F 2 
| CCCC-OH 
1-Propylbutanol | 9 
Cc 
é 
CCC-OH 
1-tert.-Butylpropanol ° . CCC 13 
cc 
2: 2:3: 3-Tetramethylpropanol obbon 21 
Taste VIII. 
Ketone. Structure. Aniline number. 
O 
Methyl-n-hexylketone . ‘ LI —1 
CCCCCC 
O 
Di-n-propylketone . ; ; ! 5-5 
CCC 
; CCCCC 
1 : 3-Pentadione (acetylacetone) \| ll 15 
0 











The most favourable positions are the para-, then the meta-, and lastly 
the ortho-, the effect of which is sometimes negative—i.e., knock promoting. 

Two xylenes were tested under conditions mentioned in Table V giving 
the following ratings : 


p-Xylene . ° . 121-1 


o-Xylene 71- $5 }per cent. I.M.E.P. of iso-octane. 


The reference fuel was a 85 O.N. fuel, and the concentration of the 
test fuel in the reference fuel was 25 per cent vol. The figures obtained 
from a supercharged method confirm the results given in Table V. o-Xylene 
decreases the octane number, when tested in weak mixtures, down to 71, 
thus acting as a knock promoter, and this was in good agreement with 
results of other workers.!® 
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Among the trimethyl benzenes 1 : 3: 5-compound (mesitylene) has a 
better performance than 1:2:4-compound (pseudo-cumene).! The 
values obtained under conditions given in Table V are for mesitylene 
127-172, and for pseudo-cumene 87-110. Comparing these with similar 
values for ortho- and meta-xylenes we may conclude that the influence of 
ortho-alkyl groups is unfavourable when compared with the para-group- 
ings. Such conclusions fall in line with the general rule of symmetry, 
especially in view of the good performance of mesitylene (sym.-trimethyl- 
benzene), where we have mefa-groupings. This is better seen from the 
following figures : 


CH, CH, 
CH, ‘H, : CH; 
(Ye 
\ 4 CH. H 
is CH, CH, in ' 
o-Xylene 1: 2: 4-Trimethylbenzene p-Xylene 1: 3: 5-Trimethylbenzene 
71-99. (pseudo-cumene) 87-110. 121-164. (mesitylene) 127-172. 


Similar figures for other alkyl groupings with their respective structures 
are :— 


CHs CH;°C,H, 
CH,-CH, CH,C-CH, CH 
a ™ ; 
\ XusCHy ud 
m-Diethylbenzene t-Butylbenzene sec.-Butylbenzene 
141-171. ; 130-155. 111-138. 
CH, CH, 
CH,CH-CH, 
Hy; 
1-Ethyl-4-methyl benzene 118-166. isoPropylbenzene 127-148. 


In the alkyl benzenes one can conclude that better results will be obtained 
if the alkyl groups are more highly branched and that there are 2 or 3 
substituted in either meta- or para-positions to each other. 

A double bond in the side-chain also has a favourable effect, especially 
when conjugated relative to those in the benzengring, as evidenced by 
the values in Table IX. 

The aromatic amines must be considered as a separate group, due to 
their high performance figures and their wide application during the 
war. 

As a rule, these amines increase the anti-knock resistance only within 
the range of rich mixtures, although some of them are quite satisfactory 
in weak mixtures. 

From the exhaustive work done on amines and the figures published 
one may draw certain general conclusions. 

The presence of NH-groups is of prominent importance, and aryl-NH 
groupings are far better than the alkyl-NH groups. The lowest per- 
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TaBLeE IX. 
Blending Octane Numbers C.R.F. M.M. 





Blending 
octane number. 


p-Xylene. : , : : ‘6; ° 127 
Mesitylene . ° . . : i; 137 


124 


Hydrocarbon. Structure. 





is0-Propylbenzene 


1-Methy1-4-iso-propylbenzene . 133 


2-Phenylpropene , 150 


C 
1-Phenyl-2-methylpropene , O 136 


Cc 
1-Methyl-4-allyl-l-benzene ‘ t 134 
| 

















formance in this respect is obtained when all the three N-valencies are 
substituted by radicals.” 

The homologues of aniline follow a similar sequence to the other aromatic 
compounds and also obey the same general rules concerning ortho- and 
para-positions, as indicated in Table X. 

It is evident that the best positions for the alkyl groups are para- to the 
N-atom and worst when they are in the ortho-position. 

The substituted diphenylamines such as the ditolylamines were investi- 
gated in the hope that the good results obtained in the rating of dipheny]- 
amine,” and the limited solubility in gasoline, especially at low tem- 
peratures,** would be improved. The results as given in Table XI do not 
fulfil this hope. 
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TaBLeE X.?! 





i 3-C Rating equal to 
Compound, % vol. Structure. iso-octane + 
e.c. T.E.L./gal. 











- | | 
Siti as s « €f 1 O 1-2 
¥ 
| c 
efcluidine . . | 1 | OF Ll 
! 
| C 
m-Toluidine ia 1 1-3 
| | N 
c 
p-Toluidine ; | l CO 1-5 
| x 


N 
2:3-Xylidne . . | 3 Ce 2-6 
| y 


N 
2: 4-Xylidine . io Ce 41 
| 3 
| N 
2: 5-Xylidine a 3 | Ly 4:3 
| 


N 
2:6-Xylidine . . .| 8 | “CF 2-7 
| N 


re 3:5-Xylidine . , , 3 | re" 3-4 





ic | N 
id 
3:4-Xylidine . ‘ : 3 | C 6-1 
1e 
il | N 
1. o-Ethylaniline . ‘ ‘ 3 | Gs 1-4 
n- 
ot N 
p-Ethylaniline . ° ° 3 Q 5:8 
“C 
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TABLE X—(continued). 











3-C Rating equal to 
Compound. % vol. Structure. tso-octane ++ 
ec T.E.L./gal. 
> ean 
3: 4: 5-Trimethylaniline 3 | 4:2 
“= " CC (extrapolated) 
C 
N 
2:4:6-Trimethylaniline  . 3 | fy 3:1 
| C 


























TaBLE XI 
C d % W/W in | Increase in octane number 
a blend. (C.F.R. M.M.) 
Diphenylamine . .. | 2 6-0 
m-Ditolylamine . ‘ ae 2 3-5 
p-Ditolylamine . : : | 2 5-6 








The reference fuel was a 72 O.N. (C.F.R. M.M.) fuel. The favourable 
influence of the para-pdsitions compared to the meta- are here apparent. 
Unfortunately the results are not of practical importance, in that the 
only great increase in solubility is given by the meta-compound, which, 
unlike the others, is a liquid at ordinary temperatures. 

The substitution of all the N-valencies gives a very meagre effect if 
not a negative one in the weak mixture region. This can be seen from 
the ratings of such compounds as dimethylaniline and diphenylaniline 
when tested in the C.F.R. Motor and a full-scale engine. 

The presence of a nitroso-group causes a drop in the performance of 
amines. Diethyl aniline and p-nitrosodiethylaniline are compared in 
Fig. 4. 


Iso0-octane + Lretpylariliine 

















/80 
; S o-pes, 
wy ai on 
S -4 DC ie 
> 1b ill ii "4 
J Z 9 Jy SEE 
S " Fen, 
Q “Ae 


























Co .6 +7 -&8 go 
Specific poel consurnptjon 4b/ane Ar, 
a. 4, 

















STRUCTURE OF FUELS AND THEIR DETONATION IN ENGINES. 699 


This diagram indicates the negative influence of the NO group, which 
acts as a knock promoter, and in fact it makes little difference if the NO 
is chemically combined, as in the above amine, or added separately. 

The blending effect must be taken into account when separate groups 
of hydrocarbons are being compared. When two hydrocarbons of different 
octane value form a blend the resulting octane value will not always 
obey the mixing rule. This applies to paraffinic and iso-paraffinic hydro- 
carbons which give the blending octane number according to the reciprocal 
blending equation when tested under supercharged conditions.*® 

The mathematical expression for the blending value obtained from a 
C.F.R. method is far more elaborate.2® All such equations enable the 
blending octane number of a compound to be anticipated when its per- 
formance in a blend with a reference fuel is known. 

Olefins and aromatics behave in different ways. The former when 
applied in the usual percentages raise the octane value according to a 
certain blending factor. Further increase in the proportion of olefins 
present does not raise the octane value proportionally, but to a much 
smaller, degree. The behaviour of aromatics is just the opposite.’ Small 
additions increase the performance much less proportionally than do 
larger quantities in a given reference fuel. Fig. 5,2” which illustrates the 
behaviour of three groups of hydrocarbons—.e., paraffins, olefins, and 
aromatics, gives only an approximate and simplified picture of their 
blending octane numbers against their concentration in the blends. 





Knock: lirniled LA0E.P 











% of com ponent of higher rotiag 


Fig. 5. 


More accurate data on blending octane numbers have been published 
by Garner and co-workers, and they show the relation between concen- 
tration and octane number in an exhaustive manner.*? They include 
also the behaviour of naphthenes, which is almost similar to that of 
paraffins, except the different behaviour of pure cyclo-hexane—i.e., the 
high blending effect at low concentrations. 
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DIscussion OF RESULTS. 


The numerous factors which influence the combustion of a fuel in an 
engine make it impossible to give any simple picture of the whole com. 
bustion process. An intricate series of changes occur with each stroke in 
@ reciprocating engine; thus, there appears to be low temperature oxida. 
tion with cool flame phenomenon, normal spark ignition, and travelling 
flame or spontaneous ignition, and finally simultaneous oxidation in the 
whole mass—+.e., knock. 

Such aspects can hardly be attributed wholly to the physical and 
thermodynamical conditions accompanying the process, such as tem. 
perature, pressure, surface-development, and its relationship to the 
volume. 

The fuel as a chemical individual, including all anti-knock additives, 
has also a decisive influence on the process of combustion. Thus lead 
tetraethyl, although having no effect on the velocity of flame propagation, 
is the most prominent knock suppressor.?® 

The production of free radicals and their further development are 
responsible for the progress of the chain reaction of oxidation. The 
free radicals under given physical and thermodynamical conditions are 
formed and destroyed at the same time. The resultant of these two 
opposing tendencies—i.e., a measure of the quantity of free radicals 
available at any given time—gives rise to the so-called ignition lag. 

Fuels of certain chemical types, instead of undergoing degradation 
through the separate stages of oxidation with simultaneous cracking,” 
form by branch reactions a large number of free radicals, which, when 
the temperature conditions are fulfilled—by the approach of the high- 
temperature flame front—produce explosion in the whole mass. The time 
necessary for the formation of such a quantity of free radicals is most 
probably the ignition delay. When the time for complete combustion 
is smaller than the ignition delay under the given conditions, the com- 
bustion occurs normally—otherwise knock occurs before the flame front 
has sufficiently spread. These times can be influenced by physical factors 
such as shortening of the flame path, speeding up of flame-propagation 
by turbulent motion, development of the surface, and changing tempera- 
ture and pressure. The occurrence of knock may also be influenced in 
a chemical way by the removal of free radicals and chain carriers—viz., 
by the addition of suitable fuel and fuel additives. 

The different behaviour of hydrocarbons in their tendency to “ knock ” 
can be attributed to their susceptibility to “ oxygen attack.” According 
to Walsh, a tertiary CH< group is attacked before other hydrocarbon 
groupings, forming peroxides quite readily. These peroxides decompose 
quickly to give lower peroxides, and finally ketones are produced; the 
low-temperature chain reactions then stop. The secondary CH,— group 
forms a peroxide more easily than the primary CH,;— group; the per- 
oxide breaks down finally into a lower aldehyde and water. 

This scheme accounts for the good performance of highly branched 
paraffins, which all give ketones as the final product of the initial degrada- 
tion. Where aldehydes (especially formaldehyde) are formed as the 
main products the fuel has a low performance. Even straight-chain 
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compounds, if they give ketones, are good fuels, as in case of iso-propyl 
aloohol. The presence of double bonds is also favourable for removal 
of free radicals hence the good anti-knock properties of olefins and 
aromatics. 

In general, therefore, better results will be obtained when only a limited 
quantity of radicals are produced (PbEt, acts as a knock promoter at 
high cones.*!), when branched radicals are produced which easily break 
down through the peroxide into ketones and when in general ketones are 
formed and only a limited amount of formaldehyde. 

These considerations give only a very rough indication of the chemical 
factors influencing combustion. The influence of additives as knoek 
promoters or suppressors is probably limited by their effect on the ignition 
lag, which consequently has its influence on the completion of the normal 
combustion without detonation. 

This review it is hoped will be supplemented in the future by considera- 
tion of the influence of radicals such as triphenyl methyl, of the effect of 
double bond in aromatic side-chains and of the applicability of bromo 
fuels in an effort to replace ethylene dibromide in leaded fuels. 

The authors wish to express their thanks to Dr. G. W. 8S. Parker for 
his interest and advice during this work. 


Royal Aircraft Establishment, 


‘January 1946. “ 
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ing 
ty THE VAPORIZATION OF FUELS FOR GAS TUR- 
a BINES. PART I. THE BUBBLE-POINTS AND 


DEW-POINTS OF LIQUID HYDROCARBON 
= FUELS. 


By B. P. Muiis. 
41, 

SUMMARY. 
40, 


The search for new and improved forms of gas-turbine combustion chambers 
naturally turns towards systems with perfect fuel atomization, an ideal that 
can be realized by pre-vaporization of the fuel. The evaluation of the 
vaporization characteristics of gas turbine fuels described in this paper is 
the first step towards achieving this ideal. 

A review of the empirical methods devised during the past twenty-five 
rld years for determining the bubble-points and dew-points of liquid hydrocarbon 
fuels is given, and these are applied to standard fuels. Some practical deter- 
minations involving the preparation of ‘ equilibrium solutions’’ by the 
method of Wilson and Barnard ' were also undertaken. Finally a theoretical 
method for calculating bubble-points and dew-points, de —e on a know- 
ledge of the true boiling-point distillation curve of the fuel in question was 
developed and applied to standard fuels. 

The calculations cover a static pressure range of 10~* to 10 atmospheres and 
have been extended to air-fuel ratios of 0: 1 to 20:1. The main results for 
an aviation spirit, a kerosine, and a gas oil are presented in the form of 


nomograms. 
List oF SYMBOLS. 
Notation. 
e = base of natural logarithms. 7 = total (externa lor static) pressure. 
G = Gruse’s index-number. R = air/fuel ratio (by weight). 
K,, % = constants. R’ = gas constant. 
= latent heat of vaporization. S=slope of A.S.T.M. distillation 
m = mass. curve. 
M = molecular weight. ¢ = temperature. 
M = mean molecular weight. V = volume (of gas or vapour). 
n = an integer. v = volume (of liquid). 
p = partial pressure. z = molar fraction in liquid phase. 
P = vapour pressure. = molar fraction in vapour p 
Sufficés. 
A, B, C refer(s) to components A, B, C. 
i, 2, 3 io > -pamaamaes L, 3, 3. 
a ” 
4 i fuel. 
iy $e component i in the original liquid fuel. 
i m component ¢ in the liquid phase. 
iv a component ¢ in the vapour phase. 
B a the bubble-point if accompanied by a lower suffix, otherwise the 
boiling-point. (Sometimes occurs as a suffix in a superscript). 
NB ie the normal boiling-point. 
EAD 9» the equilibrium air distillation (temperature). 
D o” the dew-point. (Sometimes occurs as a suffix in a superscript.) 
ND ss the normal dew-point. 
q - the A.S.T.M. distillation g per cent point. (Any equation con- 


taining ¢ automatically refers to atmospheric pressure; some- 
times written merely as a number.) 
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Lower Suffiz. 
R refers to an air/fuel ratio of R: 1 (usually written merely as a number). 


Superscripts. 
q refers to the A.S.T.M. distillation g per cent point. 
is temperature ¢, (sometimes written merely as a number). 
Summation Limits. 


1... refer to the n components of a fuel. 
Sen oe = n' components of air. 


1. INTRODUCTION. 


THE work on the vaporization of gas turbine fuels has been conveniently 
separated into two parts as follows :— 


Part I, The bubble-points and dew-points of liquid hydrocarbon 
fuels. 


Part II. Heat quantities required to vaporize gas-turbine fuels. 


The present paper deals with Part I of this programme, and for this work 
a standard Air Ministry 100-octane fuel, a standard kerosine (burning oil), 
and a typical gas oil were chosen, although the method of calculation 
developed is sufficiently general to be applicable to other possible gas- 
turbine fuels. 

Definitions of several terms relating to hydrocarbon mixtures will first 
be given : 


Definition 1. Bubble-Point (R:1). The bubble-point (R:1) of a 
hydrocarbon fuel is the temperature at which equilibrium exists 
between the wholly condensed fuel and an infinitesimal quantity of its 
vapour mixed with air in the ratio 1 to R. 

Definition 2. Dew-Point(R:1). The dew-point (R : 1) of a hydro- 
carbon fuel is the temperature at which equilibrium exists between 
the wholly vaporized fuel plus air mixed in the ratio 1 to R, and an 
infinitesimal quantity of the liquid fuel. 

Definition 3. Component. A narrow boiling-range cut of a liquid 
hydrocarbon fuel, as well as a pure hydrocarbon, are defined here by 
the word ‘“‘ component.” 


It should be noted that the composition of the infinitesimal quantity of 
vapour referred to in Defn. 1 and of liquid in Defn. 2, while being related 
to the composition of the fuel, are not identical with it. 

There are five distinct types of equilibrium possible in fuel—-air mixtures, 
where the fuel consists of a mixture of hydrocarbons and possesses a boiling 
range. They are all special cases of the one general equilibrium condition 
where x per cent of the fuel is evaporated and is mixed with air in the 
ratio R : 1 by weight, whilst the remaining (100 — z) per cent is in immediate 
contact with this vapour. ‘The five conditions are set out in Table I. 

The boiling-point of a fuel is equal to the bubble-point when the air-fuel 
ratio is zero—t.e., ty. 

The normal boiling-point of a fuel is equal to the boiling-point under an 
external pressure of 1 atmosphere. 
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Taste I, 
Possible Equilibrium Conditions between Fuel and Air Miztures. 


There are five distinct types of equilibrium possible in fuel-air mixtures, where 
the fuel consists of a mixture of hydrocarbons and possesses a boiling range. They 
are all special cases of the one geueral equilibrium condition where xz per cent of the 
fuel is evaporated and is mixed with air in the ratio R to 1 by weight, whilst the 
remaining (100 — x) per cent is in immediate contact with this vapour mixture. 

The five conditions are tabulated below. 




















Fuel Nature of the two phases. 
Name. Symbol. | evaporated,| Air-fuel 
%- ratio. Vapour Liquid. 
phase. phase. 
Normal _ bubble NB 0 0 Fuel Fuel 
point (infinitesimal) 
Bubble point Be 0 R Fuel Fuel 
(0<R <> ) | (infinitesimal) 
oe 
Air 
(infinitesimal) 
Equilibrium = air | EAD,;* F R Air and Fuel 
distillation point (0<2<100)| (0<R<a) Fuel 
Dew-point De 100 R Air and Fuel 
(0<R<o) Fuel (infinitesimal) 
Normal dew-point ND 100 0 Fuel uel 
(infinitesimal) 











All these equilibria may be defined at pressures other than 760 mm mercury, and 
the temperatures corresponding to the various equilibria fall in the following ascending 
order for a given R (R small) :— 

tap < typ < trav, < tog < twd 


This would be expected from the fact that as we pass through the five equilibrium 
conditions in the order indicated by these temperatures the molecular weight of the 
“2 increases from that of air to that of fuel. 

f R be very large it is possible that tyz > tp, and the inequality must be expressed 
in two parts thus :— 
tay < tzapy < tog and tyg < typ 
It will be found that for any given R whatsoever 


trang’ < twang, (2% < 2). 


2. EmprricaL MEeTuops. 


2.1. Description of Methods. 


Many useful empirical volatility relations for motor fuels and aviation 
spirits have been developed by Bridgman,?-’ who based his work upon the 
A.8.T.M. distillation curves ® of these fuels. He represented the volatility 
of a fuel by the temperature at which a given air—-vapour mixture will be 
formed under equilibrium conditions at a pressure of one atmosphere from 
any mixture of liquid fuel and air supplied, when a given percentage was 
evaporated. The temperatures at 0 per cent evaporated are called 
“ bubble-points ” at 100 per cent evaporated “ dew-points,” and at inter- 
mediate percentages evaporated “ equilibrium-air-distillation ” (E.A.D.) 
points. The bubble-points may be obtained from the curve representing 
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any given air—-vapour mixture by extrapolating back to the line of 0 per 
cent evaporated. The normal bubble-point is the temperature at which 
bubbles will start to form in a gas-free fuel at atmospheric pressure, and 
a to the boiling-point. Bridgman found that :— 


tya= tio . . . . . . . . (1) 


within the accuracy of determining the latter, for ten gasolines of widely 
differing types. (Temperatures are to be expressed in ° C unless otherwise 
stated.) 

logig P = 6-76 — 3-B8tyg/t . . «. . . . (2) 


for gasolines freed from water and dissolved gases, but without removal of 
propane or any of the more complex hydrocarbons. The temperatures in 
equation 2 must be expressed in degrees Kelvin. 


teltsrs = 1:5 + (10VSi, — 39)/tng . - . ~~ (3) 
ty/teanyt = 1-5 — /(460 8;) log [(100 — q)/50} + 39. (4) 

where 10<¢< 90. 
teo/tareg = 1-5 + (10WSyg — B9)/tnng =» - - ~~ (5) 


These results may be extended to temperatures other than the 16: | 
temperatures by the following correction table :— 





A|F Ratio. | At. | A/F Ratio. | 4t °C. | A/F Ratio. | At °C. 

















8 +13 12 | +5 17 nt 
9 +11 13 +3} 18 2 
10 +9 14 +24 19 —§ 
ll *: 7 15 | +1 20 a 

typ =H hellO8A 2 2 ww ww. CB) 

tora = ty /1-309-— 131 . . . . . (7) 

tradi = F(t, —_ 200) . . . . . . (8) 


The temperatures in equations 7 and 8 are to be expressed in ° F, and q 
in equation 8 lies in the interval 10 < q < 90. 

As early as in 1921, Wilson and Barnard }:° }° recognized that if it were 
possible to secure any considerable quantity of that fraction which first 
condenses out from (and hence is in equilibrium with) the completely 
vaporized mixture, measurements of its vapour pressure would obviously 
give the dew-points at different pressures. To obtain a quantity of this 
equilibrium solution the test fuel was distilled under continuous equilibrium 
vaporization conditions. Continuous equilibrium vaporization may be 
defined as a distillation process in which the fuel is partly vaporized under 
such conditions that equilibrium exists between all the vapour formed and 
all the remaining liquid. The requirement of continuity of operation 





—_ on cc oe a 206 Si See 
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presupposes an input of constant composition supplied at a constant rate, 
from which vapour and liquid of constant compositions and amounts are 
formed and continuously withdrawn. The apparatus used for this purpose 
is very simple (Fig. 4), and will be described in para. 3.1 below. Wilson 
and Barnard established several special curves from which the bubble- 
points, E.A.D. points, and dew-points of a fuel could be deduced: the 
vapour-pressure curves of the fuel and its equilibrium solution were needed 
for the construction of these special curves. A very rough relation for 
gasolines and kerosines is expressed by the following equation :— 


ee eres 


Stevenson and Babor '! in 1927 measured normal dew-points with a 
black surface dew indicator and then developed empirical curves from 
which the dew-points of different air-gasoline mixtures could be deduced. 
They found that this ‘‘ equilibrium end-point ” or dew-point of the gasoline 
alone was easy to determine, and that its relation to the dew-points of air— 
gasoline mixtures was sufficiently accurate for the derivation of the latter 
to be made by means of a graph, with practical accuracy. In this way one 
simple determination of the dew-point of gasoline alone sufficed for the 
deduction of the temperatures of complete vaporization of all the practical 
air-gasoline mixtures. The authors, in common with many others, 
expressed the view that the A.S.T.M. distillation curve and end-point do 
not express the total volatility of a gasoline, but that the equilibrium end- 
point (dew-point) represents by means of a single number this total 
volatility. Furthermore, it was contended that the order of relative 
volatility that exists at 760 mm pressure is the same as at 15 mm pressure, 
and that even the quantitative differences are proportionately maintained 
with approximate accuracy. 

These conclusions were reached in spite of Gruses’ earlier attempts 1: 1%. 14 
to derive a volatility index by weighting parts of the A.S.T.M. distillation 
curve. For a number of commercial gasolines Gruse found that an index- 
number could be calculated from the A.S.T.M. curve, which bore a linear 
relationship to the dew-points of the gasoline used. The index-number, 
@, was computed by taking the sum of the 10, 20, 50, 70, 90 per cent and 
end-points, and the following empirical relations were found to hold to 
within 5 to 10° C :-— 


tp.s = [12 + 0-187 (@ — 600)} . . . . (10) 
for gasolines with 612 < @G < 1025. 
to, = (104+ 0084,,—115)) . .... OD 


for gasolines with 115 < t,, < 210. 

A chart based upon the Deppé end-point of the particular gasoline 
under test has been constructed by Stevenson and Stark 1, from which 
the dew-point of any air-gasoline mixture may be obtained to within 
+2° C. 

An empirical dew-point equation very similar to equation 7 was proposed 
by Brown 1%. 17 which gave values generally 2° F lower than Bridgman’s, 
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Fie. 1. 


BUBBLE-POINT AND DEW-POINT CURVES FOR 100 OCTANE FUEL. KEROSINE AND GAS oO 
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It is :— 
5 
tors = 7 (to — 186). . . - - - (12) 


where the temperatures are in° F. This equation is claimed to be accurate 
to within +5° F, except for highly aromatic fuels. 

Brown and Skinner '* 18 have investigated the effect of motor-fuel 
volatility as indicated by the A.S.T.M. distillation curve, upon engine 
performance. Their general conclusions are that the 90 per cent point 
should not be so low as to indicate a dry mixture, for this gives rise to loss 
of power or acceleration with many engines equipped with heated manifolds 
and accelerating devices: nor should the 10 per cent point be so low as to 
indicate trouble from vapour-lock. This indicates the engine evidence that 
the dew-point and boiling-point of a fuel are mainly functions of those 
hydrocarbon fractions boiling around the 90 and 10 per cent A.S.T.M. 
points, respectively. 

Rules and formule have recently been derived by Aubert ” giving 
the saturated vapour-pressure of liquid fuels as a function of the 
temperature. 


2.2. Results for 100-Octane Fuel and Kerosine. 


2.21. Boiling-Points. Bridgman’s equations 1 and 2 were based on his 
work on gasolines ; equation 2 has, however, been applied here to 100-octane 
fuel and kerosine, assuming the value of ty; to be that computed under 
para. 4 below. The values obtained in this manner have been plotted as 
dotted lines in Fig. 1. 

It is seen that agreement between the empirical and calculated values of 
boiling-point at the various pressures is better in the case of the 100-octane 
fuel than for the kerosine. The slopes of the empirical vapour-pressure 
lines are less than the slopes of the corresponding lines calculated from the 
true boiling-point distillation curves. 

2.22. Dew-Points. The empirical dew-point equations given in para. 2.1 
all express the dew-point of some air/fuel mixture in terms of certain 
properties of the fuel in question, with the exception of equation 6, which 
gives the normal dew-point. In order to compare the values graphically 
with the calculated values under para. 4, therefore, they have been con- 
verted into dew-points at some pressure other than 760 mm Hg for an 
air/fuel ratio of 0:1. This pressure is in fact the partial pressure of the 
fuel, and was obtained from the equations developed in para. 4 below. 
The values obtained in this way are plotted in Fig. 1, whilst the numeral 
written above each point is that of the empirical equation from which the 
value is calculated. 

The set of dew-point values obtained by direct use of equations 5, 6, 7, 
9, 10, 11, and 12 are set out in Table II. 

For 100-octane fuel the agreement between empirically and theoretically 
calculated values is very close indeed, except for the very approximate 
equation 9 devised by Wilson and Barnard. For kerosine, the empirical 
equations 7, 10, and 11, which were developed for use in the gasoline range, 
give useless results; agreement between the other empirical and the 
theoretical values however is quite good. 
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Taste II, 
Results of Empirical Calculations on Reference Kerosine and 100-Octane Fuel. 
(The corresponding values calculated under para. 4 are juxtaposed for comparison.) 























Empirical. Theoretical. 
Fuel. | Para. 2.1 Dew-point Corresponding Difference between 
Equation | values obtained, | values obtained empirical value and 
No. *¢. under para. 4,°C.| theoretical value, ° C, 
100- 5 tp, = 23} 29 — 5 
octane 5 sp, = 10 16 — & 
5 tp, = 6h 12 -6§ 
6 twp = 115 108 + 7 
7 tan = 11 22 —11 
9 tpn = —16 22 —38 
10 tp, = 19} 18 - i 
ll tp, = 13 18 - 
12 tp, = 10 22 —12 
Ref. 5 tp, = 118 126 — 8 
kerosine 5 tp,, = 105 110 — 5 
5 toa = 101 107 ~— % 
6 typ = 246 239 + 7 
7 tpn = 100 118 —18 
9 tos 124 118 + 6 
a0 tp, = 155 112 +43 
ll tp,, = 136 112 +24 
12 tp, = 112 118 — 6 








The A.S.T.M. (I.P.T.) distillation curves and differential distillation 
curves for 100-octane fuel and kerosine are given in Figs. 2 and 3. 
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A.S.T.M. DISTILLATION CURVES FOR 100 OCTANE FUEL AND KEROSINE,. 
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Lewis,*! and Brown, who paid insufficient attention to the minimizing of 
the vapour space and loss of volatile fractions by free venting. 

Indirect methods of measuring vapour-pressures were employed by 
Tizard and Marshall,?* by Cadman,™4 by Oberfell, Alden, and Hepp,?® and 
by Brown.”* The first two sets of investigators used essentially the same 
principle, which depended on the addition of varying amounts of liquid 
to a fixed volume. Allowances were made for the inaccuracies caused by 
air in the apparatus, dissolved gases, and changing composition of the 
fuel with vaporization. Oberfell, Alden, and Hepp employed two columns 
of vapour space, but theirs was a semi-commercial method, and did not 
yield precise measurements. The method of Brown which depended on 
the use of several vapour volumes at each temperature and on extra- 
polation to zero vapour space was the most accurate. 

3.12. Normal Dew-Points. The equilibrium boiling-points of fuels were 
measured by Whatmough,”* 27 and a description of his apparatus and 
results was published in 1926. The fuel was boiled under equilibrium 
conditions (i.e., input equal to output) in a special boiler in which a mixture 
of constant quality was maintained automatically; accuracy of measure- 
ment was of the order of +4°C. Ormandy and Craven 8 used this method 
for British fuels. 
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Fia. 4. 
CONTINUOUS DISTILLATION APPARATUS. 


The amounts of gasoline vaporized under conditions approaching equi- 
librium were determined by James,” and later Brown,” by passage of the 
fuel through a heated tube and spiral respectively at a pressure of one 
atmosphere; the curves obtained were extrapolated to 100 per cent 
vaporized to give the normal dew-points. Leslie and Good *! also con- 
sidered this problem. 

Theoretically the normal dew-point of a gasoline is identical with Wilson 
and Barnard’s atmospheric equilibrium solution temperature,’ Stevenson 
and Stark’s Deppé end-point,!5 Stevenson and Babor’s equilibrium end- 
point,!1 and Whatnough’s equilibrium boiling-point.**. 27 
Podbielniak and Brown *? have described and used an equilibrium 
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vaporization apparatus, whilst numerous instruments for the direct measure- 
ment of the dew-point of hydrocarbon vapours or gases have been devised 
for use in industry or the laboratory,** and some of these have been 
patented. Deaton and Frost “ designed an apparatus for determining the 
dew-point of gases under pressure. 

3.13. Dew-Points of Air/Fuel Miztures. Gruse* passed various 
mixtures of air and fuel from 10: 1 to 18: 1 through a preheating coil and 
measured both the appearance and disappearance of dew on a metallic 
mirror cooled internally. 

An equilibrium air-distillation apparatus was invented by Sligh,“*’ 
who measured many dew-points of various air/fuel mixtures. Brown *° 
used a slightly modified Sligh apparatus and measured a large number of 
12: 1 dew-points. 

Stevenson and Babor,!! employing a dynamic method and using a 
platinum-black surface, obtained the dew-points of seven gasolines for 
mixtures from 1:1 to 30:1. A modified form of Stevenson and Babor’s 
apparatus was used by Bridgman® to determine the dew-point of air- 
gasoline mixtures ranging from 1 : 1 to 16: 1. 


3.2. Experiments on Kerosine and Gas Oil. 


An equilibrium distillation apparatus (Fig. 4) was set up after the 
manner described by Wilson and Barnard! and 200-ml. fuel was distilled 


TO VACUUM WATER CONDENSER 
LINE AND U-TUBE 
MANOMETER. 


{\,.___ AIR. CONDENSER. 


. ______ THERMOMETER SUSPENDED 
INSIDE THIS TUBE WITH 
BULB INTHE VAPOUR. 

















SAND BATH 





= 





SPECIAL REFLUX APPARATUS, 


continuously for 5} hours, after which time approximately 10 times as 
much liquid had passed through the flask as was held there. A pressure of 
117-mm mercury abs. was employed for the kerosine and a pressure of 
29 mm mercury abs for the gas oil. In each case a constant temperature 
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was reached, and at this stage the fuel in the flask—i.e., the equilibrium 
solution—was in a state of dynamic equilibrium, and the composition of 
the gases distilling over was the same as that of the fuel entering as liquid 
through the dropping funnel. The liquid in the flask was in equilibrium 
with this outgoing vapour, as its temperature remained steady, and 
therefore had the same composition as that of the liquid which would first 
condense out from this outgoing vapour at its dew-point. 

A sample of each equilibrium solution thus’ prepared and a sample of the 
original kerosine and gas oil were used for the determination of the bubble- 
point/pressure and dew-point/pressure curves. This was accomplished by 
the reflux apparatus shown in Fig. 5 which could be maintained at a 
constant reduced pressure by means of an automatic pressure regulator 
consisting of a Schroder valve operated electrically by small oscillations of 
the mercury in a U-tube manometer. 


3.3. Results for Kerosine and Gas Oil. 
The experimental results are given in Table III. 


TaB_e III. 
Experimental Results for Kerosine and Gas Oil. 













































Kerosine. | Gas Oil. 
= 

Absolute Reflux Absolute Reflux 
pressure, temperature, pressure, temperature, 
mm Hg. mR | mm Hg °C. 

122 142 74 115 

302 165 | 200 150 

462 177 402 174 

612 189 553 186 

762 196 760 200 

Kerosine Equilibrium Gas Oil Equilibrium 

Solution. Solution. 

Absolute Reflux Absolute Reflux 
pressure, temperature, pressure, temperature, 
mm Hg °C. mm Hg °C, 

125 194 | 65 | 185 

305 226-5 198 226 

465 239 | 400 250 

605 247 541 262 

765 2555 | 760 | 276 








Corrected for exposed stem. 





dP 


a 6W-a 





Now the variation in the vapour pressure of a hydrocarbon mixture is 
given by the Clausius—Clapeyron relation :— 


(13) 


Neg 


Int 


thr 


va 
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Neglecting the volume of the liquid, v, and rearranging, we have :— 


L dt 
dP = V . t . . . . . . . (14) 
Assuming the vapour to obey the gas law PV = R't (14) becomes :— 
qaP L dt 
PRA (15) 
Integrating (15) between two conditions | and 2, we have :— 
\2 L 1\ |2 
loge P| = -(—3)], es 


which indicates that if the vapour-pressure values of a given fuel (bubble- 
points) and the vapour-pressure values of a given equilibrium solution 
(dew-points) at various pressures be plotted on “ log/reciprocal”’ graph 
paper, a straight line should result. 

This has been done in Fig. I, and straight lines were obtained; these 
were extrapolated to both higher and lower pressures. 


4. THEORETICAL METHODS. 


4.1. Description of Methods. 


Hachmuth “* has shown that the vapour-pressure equation for two and 
three component mixtures, respectively, may be written 





Ys = Py. (4x7 —Ps)/7. (Pa — Po) ° . . e (17) 
_ Pal Pda — Pz) + %' . (Ps — P.) 
eT eee 


For each additional component the equation practically doubles in 
complexity, and becomes almost unmanageable for more than three 
components. Unfortunately a dew-point curve for a two-component 
mixture gives no hint as to the form a general equation should take; an 
empirical equation covering such a curve becomes very complex if an 
accuracy of +-5 or 10° C is required. 

Franklin ® has recently devised a simple nomographic chart for solving 
vapour-equilibrium problems for binary systems, whilst Nord ® has 
designed a nomogram for ternary systems, based on constant relative 
volatilities, which gives the boiling-point of any mixture of known com- 
position, and thence the molecular composition of the vapour. 

Kennedy ®! has formulated an expression containing three constants 
characteristic of the individual fuels for determining the dew-point at 
different total pressures and air-fuel ratios. The theory rests on the 
assumption that over the range of pressures in question the composition 
of the first observable portion of liquid condensing just below the dew- 
point remains sensibly constant. The equation is :— 


ty = Ky/ [logy P — opie (1 — 3x! R) — Ks | — 


Oberfell, Alden, and Hepp,”* and Brown ?* have computed hydrocarbon 
vapour pressures on the basis of fractional analysis, whilst Perry,®* and 
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more recently Huntingdon, give several worked examples of a vapour. 
pressure computation for a ternary hydrocarbon mixture. A general 
extension and development of this method and an application to complex 
liquid hydrocarbon mixtures are given in the subsequent paragraph. 


4.2. Development of the ‘‘ Integration Method.” 


4.21. Normal Bubble-Points and Dew-Points. Now, by Dalton’s Law 
we have :— 


| at eh ee ee ee 
and by Avogadro’s hypothesis this becomes :— 
Pi = TY; bese lowe pee ee 
Furthermore, Raoults’ law may be written :— 
P= Py. a se SS a SS SE 


and by combining equations (21) and (22), we have :— 
a= wy PP. afiwl...m) . - « « (%) 


which expresses the relation between the pressures and molecular con- 
centrations for a fuel in a state of liquid—vapour equilibrium. 
Now, at the bubble point, tz, we have by Definition 1 :— 


a ee ee ee ee ee ee |) 
and at 


i=1 
Whilst at the dew-point, tp, we have by Definition 2 :— 


WwMm se hs ewe en ee ss 


The above results may now be applied to the study of the equilibrium 
of a mixture of n hydrocarbons—i.e., a fuel, which, it will be assumed, 
behaves ideally. 

Let us assume that component i is more volatile than component (+ + 1), 
for all + ranging from 1 to (n — 1). 

Under equilibrium conditions we shall have :— 


w.¢= Pe (éml,3...8) . . . « (2%) 
and Unr.y = UPyw; ee hae ae ee 
1 1 
The question now arises how to employ equation (28) to calculate bubble- 
points and dew-points for a given fuel whose 4%, are known, and whose P; 


are known at different temperatures. 
Remembering that by hypothesis 


Sa, = 1.(q = 5, iy or #’) je) aye. 9 
1 


or 





6B 
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Equation (28) may be simplified in two ways by using equation (27), 
giving :-— 


omBiim . ci is te 
1 
2. 1ry 
and CSS S| 


Now, at the bubble-point the individual values of the 2 relating to the 
infinitesimal quantity of vapour above the liquid are unknown, and hence 
equation (31) is valueless, and equation (30) is the one to use, the values % 
being equal to the values 2, (by equation 24), which are known, i.e. :— 


© =D Py. %, ab tp s+ + + = 
1 


On the other hand, at the dew-point the individual values of the x; 
relating to the infinitesimal quantity of liquid present are unknown, and 
equation (30) is valueless, and equation (31) is the one to use, the values 
y being equal to the values x, (by equation 26) which are known—#.e. :— 

ee 
1 Py 

Equation (30a) gives emphasis to the lighter components with the larger 
P values, whilst equation (3la) gives emphasis to the heavier components 
with the smaller P values. 

4.22. Bubble-Points and Dew-Points of Different Air/Fuel Mixtures. The 
bubble-point or dew-point of an air/fuel mixture at any given total pressure 
is the same as that of the bubble-point or dew-point of the fuel alone at a 
pressure equal to the partial pressure of the fuel in the mixture. 

The first stage, therefore, is to determine the partial pressure of the fuel, 
py, in any given air/fuel mixture, and this will depend on the molecular 
weight of the fuel and the mixture ratio. 

According to Dalton’s law of partial pressures we have :— - 


m= P+ De a a eS ee er eT (32) 
or aw =p(l+po/py)) - . - + « (82a) 


Similarly the partial pressures of the fuel and air are the sums of the 
partial pressures of their n and n' constituents respectively. 





_ RT Xm, 
P= 2, (33) 
ats” 
P= he (34) 
n 1 2 2 mM; 
Le am /-.-2M==r-—..... « (35 
mma — n'y e 7 mM ( ) 
when m, — m; < M,, for all i, j. 
and mu <im for all i. 
1 


3G 
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In the case where m; = 1/n (for all i) and the M; increase in arithmetic 
progression from M, to M, it may be shown that the error in equation (35) 
takes the form :— 


FH E(w 2K + Man 1— Mad] x 100% (86) 
These assumptions apply approximately to such fuels as are dealt with 
in this paper, and in the case of 100-octane fuel and kerosine, inequality 
(36) indicates an error of less than 3 per cent, which is of the same order of 
accuracy as the estimate of the mean molecular weights of the fuels. 
We may therefore write :— 


m,|M, = Zar bd. at ic ah 


If we adopt the value 29 for the mean molecular weight of air, M,, we 
may also write :— 


.  . ee 
mal 1 M; ( ) 
From equations (33), (34), (37), and (38) we have :— 
ma My 
Pal Py = i my a oa ee Se ee (39) 


M; Ma 
= p,(1 ih z) (40) 
Calling m,/m; = R, the air/fuel ratio and rearranging equation (40) we 
obtain finally, 
29 
= Rae ee . . . . . 41 
” “(S7Em) (41) 


The final stage in estimating the bubble-point or dew-point of an air/fuel 
mixture is to read off, from the appropriate bubble-point or dew-point 
curve in Fig. 1, the temperature corresponding to the fuel’s partial pressure 
(calculated from equation 41). This temperature is the required bubble- 
point or dew-point. 


4.23. The “‘ Integration Method.” The 2%, are deduced from the true 
boiling-point distillation curve for the fuel by a method of tabulation; this 
involves the splitting up of the distillation curve into small “ cuts ”’ (or 
fractions) of 5-10° C range (n = 10 to 20), and the use of empirical charts 
for hydrocarbon liquids of mid-boiling-point plotted against mean molecular 
weight, and against specific gravity (alternatively, the specific gravity of 
the various fractions distilling may be measured). A small correction to the 
molecular weight /mid-boiling-point curve may have to be made in certain 
parts to allow for the presence of any high-density, low-molecular-weight 
aromatic hydrocarbons (see Fig. 6). 





we 
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The P; are deduced from empirical charts for hydrocarbons with mid- 
boiling-point plotted against temperatures and vapour-pressures (see 


* Fig. 7). 


Calculation of Bubble-Points. A guess t, is made of the normal bubble- 
point, and the corresponding Pf: are deduced from the vapour-pressure 
chart (Fig. 7). The sum on the right-hand side of the equation (30a) is 

- 
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formed, and will be equal to z, if t, =tyg; this sum will be > or <, 
according as t, is > or <tyz. 
If, as usually will be the case, t, + tys, then a new temperature ¢, must 


n 

be chosen, and the new sum & P,*z,, must be formed; this procedure 
1 

must be repeated * until the sum equals 7 (to within 1 or 2 per cent). 


* A method for converging rapidly to tyg ~apaes itself during an extension of 
the theory under para. 4.21 above, to the case of a fuel possessing an infinity of com- 
ponents. The method is as follows :— 

If for t, the sum equals zt, (+7), then we consider the hydrocarbon which 
boils at temperature ¢,; under pressure wt,, and find a new temperature ¢,, at 
which this hydrocarbon will-boil under a pressure z, by reference to Fig. 7. If 
(t; ~ tyz) < 20°C, we shall find that ¢, lies within 2 or 3°C of the true value 


of tyg. Temperature tyg may be obtained by forming the sum z Px, and once 
again referring to Fig. 7. 
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Bubble-points of air/fuel mixtures may be calculated from the normal 
bubble-point curves (see Fig. 1) by the method outlined in para. 4.22 
above. 

Calculation of Dew-Points. Our working equation is equation (31a); 
the a, and P; are calculated as described above, and the sum on the right- 
hand side of this equation is formed for values of P; at some guessed normal 
dew-point temperature ¢t,. The sum will be > or < 1, according as ¢, is 
< or > typ. 

If, as usually will be the case, t, + typ, then other temperatures, t,, ts, 
etc., must be chosen until the sum equals unity (to within | or 2 per cent). 

The rapid method for converging to ty; may be applied to the case of 
the dew-point if first we multiply our sum by 7. 

Dew-points of air/fuel mixtures may be calculated from the normal dew- 
point curves (see Fig. 1) by the method outlined in para. 4.22 above. 
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4.3. Results for 100-Octane Fuel and Kerosine. 


Samples of reference kerosine SR 312 and 100-octane fuel batch 2 were 
distilled by the Anglo-Iranian Oil Co. The 100-octane fuel was distilled 
in a 40-plate atmospheric column, whilst the kerosine was distilled in a 
| ‘| A 
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Fia. 9. 
T.B.P. DISTILLATION CURVE FOR KEROSINE. 


14-plate vacuum column. The true boiling-point distillation curves so 
obtained are reproduced in Figs. 8 and 9, and the computations from these 
true boiling-point curves are shown in Tables IV and V. 
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Tasie IV. 


PART I, 


100-Octane Fuel, Batch 2. 
Calculations from T.B.P. Curve. 
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Com- Boiling Mean 
ponent range, boiling- Wt.-%. Mol. wt. Mols. 1002,,. 
i. °C. point, °C 
l 3-27 20 0-5 58 0-0086 0-82 
2 27-29 28°5 9-5 72 0-1319 12-71 
3 29-45 35 4-5 72 0-0625 6-02 
4 45-58 55 1-5 78 0-0192 1-85 
5 58-70 65 9-0 86 0-1046 10-08 
6 70-78 75 9-0 88 0-1023 9-86 
7 78-90 85 6-0 90 0-0667 6-43 
8 90-94 92 5-0 100 0-0500 4-82 
9 94-105 100 15-0 114 0-1316 12-68 
10 105-113 110 10-0 100 0-1000 9-64 
ll 113-118 115 13-0 114 0-1140 10-98 
12 118-123 120 2-0 110 0-0182 1-75 
13 123-127 125 2-5 110 0-0227 2-19 
14 127-140 135 5-0 110 0-0454 4:37 
15 140-151 145 2-0 117 0-0171 1-65 
16 151-158 155 1-0 124 |} 00-0081 0-78 
17 158-168 165 15 124 0-0121 1-17 
18 168-179 175 1-0 124 | 00-0081 0-78 
19 179-190 185 2-0 138 0-0145 1-39 
100-0 | 10376 | 99-97 
TaBLe V. 
Reference Kerosine, SR. 312. ° 
Calculations from T.B.P. Curve. 
Com- Boiling Mid- 
ponen — boiling Wt.-%. | Mol. wt. Mols. 100z,,. 
4 “c. point, ° C. 
1 100-130 115 2-0 100 0-02000 3-18 
2 130-141 135-5 2-5 113 0-02210 3-51 
3 141-150 145-5 3-5 116 0-03017 4-79 
4 150-159 154-5 4-0 121 0-03306 5-25 
5 159-168 163-5 5-0 126 0-03968 6-31 
6 168-178 173 6-0 132 0-04545 7-22 
7 178-189 183-5 6-0 138 0-04347 6-91 
8 189-198 193-5 6-0 145 0-04138 6-58 
9 198-209 203-5 6-0 152 0-03947 6-27 
10 209-217 213 7:0 159 0-04403 7-00 
ll 217-227 222 6-0 165 0-03636 5-78 
12 227-235 231 6-0 171 0-03509 5-58 
13 235-246 240-5 7-0 179 0-03911 6-21 
14 246-256 251 7-0 187 0-03743 5-95 
15 256-265 260-5 6-0 195 0-03077 4-89 
16 265-275 270 6-0 204 0-02941 4-67 
17 275-285 280 4-5 211 0-02133 3-39 
18 285-295 290 3-5 220 0-01591 2-53 
19 295-307 301 3-0 230 0-01304 2-07 
20 307-325 316 2-0 245 0-00816 1-30 
21 325-340 332-5 1-0 260 0-00385 0-61 
100-0 0-62927 100-00 
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Worked examples of a normal bubble-point and a normal dew-point 
calculation are given in Tables VI and VII. Results of normal bubble. 


TasBLE VI, 
Method for Computing Bubble-Point, 


Reference Kerosine at 760 mm Pressure? 
































. ° ° 
Gentes First attempt (170°C). | Second attempt (186° C). 
a 100z,,. 
P2” (mm). | =IPP%x,. | Pe (mm). | EP/* 2, 
1 3-18 2450 77-9 4000 127-2 
2 3-51 1800 63-1 2600 91-2 
3 4-79 1410 67-5 2000 95-8 
4 5-25 1110 58-2 1650 86-5 
5 6-31 900 56-8 1320 83-3 
6 7°22 700 50-5 1010 72-8 
7 6-91 545 37-7 810 56-0 
8 6-58 410 27-0 635 41-8 
9 6-27 308 19-3 497 31-2 
10 7:00 240 16-8 380 26-6 
ll 5-78 183 10-6 298 17-2 
12 5-58 140 7:8 235 13-1 
13 6-21 108 6-7 180 11-2 
14 5-95 80 4-8 135 8-0 
15 4-89 60 3-0 100 4-9 
16 4-67 44 2-1 78 3-6 
5» SF 3-39 32 1-1 59 2-0 
18 2-53 23-5 0-6 42 1-1 
19 2-07 16-5 0-3 30 0-6 
20 1-30 9-5 0-1 19 0-2 
21 0-61 5-0 —— 1] 0-1 
Totals 100-0 511-9 774-4 
See para. 4.23. 


t, = 170°C and at, < 760; ., t; < tp. 
By Fig. 7, t, = 186° C, but mt,1 = 760. 
Hence required boiling-point is 186° C. 


point and normal dew-point estimations for both 100-octane fuel and 
kerosine over a range of pressures are set out in Table VIII. 

The valuable assistance rendered by the Anglo-Iranian Oil Co.™ in this 
work, particularly for the normal dew-points at super-atmospheric pressures 
which were estimated by them, is gratefully acknowledged. The equilibrium 
flash-curves for the two fuels were determined by them by the method of 
Piroomov and Beiswinger,®® 5¢ and used to obtain the first approximation 
to the normal dew-points. 

The normal bubble-point and dew-point values have been plotted in 
Fig. 1; it will be seen that, up to a pressure of 3 atmospheres, straight lines 
were obtained. The probable error in these values is +2 to 5° C. 

These curves for 100-octane fuel and kerosine, and also the curves 
obtained experimentally for gas-oil (Fig. 1), were used (extrapolated to 
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Tasie VII. 
Method for Computing Dew-point. 
100-Octane Fuel at 100 mm Pressure. 









































First attempt Second attempt Third attempt 
— (50° C). (58° C). (56° C). 
ponent ° 1002,. 

0. 

' (Pes de Pa | (Pe ). Ete, (p se 100) | 5 7 e. 
7 ‘ 7 Pi ” 2 P; 
l 0-82 2000 0-0005 2500 0-0003 2350 0-0003 
2 12-71 1550 0-0082 1940 0-0065 1815 0-0070 
3 6-02 1220 0-0049 1600 0-0038 1410 0-0043 
4 1-85 650 0-0028 855 0-0022 800 0-0232 
5 10-08 470 0-0214 615 0-0164 580 0-0174 
6 9-86 330 0-0299 445 0-0222 420 0-0235 
7 6-43 240 0-0268 320 0-0201 297 0-0216 
8 4-82 180 0-0268 254 0-0190 235 0-0205 
9 12-68 135 0-:0938 188 0-0673 174 0-0728 
10 9-64 95 0-1015 130 0-0740 120 0-0803 
ll 10-98 80 0-1371 110 0-0997 100 0-1098 
12 1-75 65 0-0269 91 0-0175 84 0-0208 
13 2-19 52-5 0-0417 77-5 0-0283 70 0-0313 
14 4:37 35 0-1250 51 0-0857 46 0-0951 
15 1-65 24 0-0688 34-5 0-0478 31 60-0532 
16 0-78 16 0-0487 24 0-0325 21 0-0372 
17 1-17 10 0-1170 16 0-0732 14 0-0835 
18 0-78 6-4 0-1220 10 0-0780 4 0-0867 
19 1-39 3-95 0-3520 6-5 0-2139 5:8 0-2398 
Totals : 99-97 1-3558 0-9084 1-0283 
* = P,,*° in this case. 
See para. 4.23. 


t, = 50°C and (m the sum) > 760; .. 4 < tp. 

By Fig. 7, t,4 = 58° C, but (# the sum) < 760; .°. t, > tp. 
By Fig. 7 t,1 = 56° C, now (m the sum) = 760. 

Hence required dew-point is 56° C. 


low pressures) as the bases of the calculation of bubble-points and dew- 
points for air/fuel mixtures (1 : 1 to 20: 1). 
An approximate method of determining the mean molecular weight of 


a fuel is shown in Fig. 3; other methods, such as forming the sum 2 Myx, 
1 


(from Tables IV and V) and the empirical methods of Watson and 
Nelson,5?-® were also used. Values 98, 165, and 188 were adopted for 
100-octane fuel, kerosine, and gas oil, respectively. 

The bubble-point and dew-point results for air/fuel mixtures (0:1 to 
20:1) over various pressure ranges are presented as a set of nine nomo- 
grams ®1, 62 (Figs. 10-18). 

Finally, the variation in the dew-point of 100-octane fuel with total 
pressure and air/fuel ratio was depicted by a surface in three dimensions 
(Fig. 19). 
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BUBBLE-POINT AND DEW-POINT NOMOGRAM FOR 100-OCTANE FUEL AT VERY LOW 
PRESSURES. 


Note.—Scales A, B, C and A, B, D are used in conjunction. 
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Note.—Scales A, B, C and A, B, D are used in conjunction. 
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BUBBLE-PUINT AND DEW-POINT NOMOGRAM FOR 100-OCTANE FUEL AT HIGH PRESSURES 
‘ : Bu. 
Note.—Scales A, B, D and A, C, E are used in conjunction. 5 
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Fie. 13. 
BUBBLE-POINT AND DEW-POINT NOMOGRAM FOR KEROSINE AT VERY LOW PRESSURES. 
Note.—Scales A, B, C and A, B, D are used in conjunction. 
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Note.—Scales A, B, C and A, B, D are used in conjunction. 
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BOILING-POINT AND DEW-POINT NOMOGRAM FOR KEROSINE AT HIGH PRESSURES. 
Note.—Scales A, B, D and A. C, E are used in conjunction. 
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BUBBLE-POINT AND DEW-POINT NOMOGRAM FOR GAS OIL AT VERY LOW PRESSURES. 
Note.—Scales A, B, C and A, B, D are used in conjunction. 











FUELS FOR GAS TURBINES. PART I. 733 











“ A 8 cD 
Fuso 20 + 40 
9F a 
ee 30 - = 
g 00 
0 - 
7r a 0 
; a 
7 
6 I 90 = ‘20 
~ 
Li +-/FO 
8&0 » & 
- 70% ~ aed 
~ Q ry! 80 +150 S 
» fF & 20 
™“ i ASO 
: 4tEos a. > 90 ye 
x F ly ® 100 i 
& Ee 
_ 2 }- 180 
S$ +s0yd 4 
Vv % Z 5 HO 
oe N Ww 9 $3 -- 90 
x a K 4 - 120 - 
Z 34 & gy 4 ' S| 420 
o | 40% | +20 
oT rg oy ote 
z : e 40-230 
is a 1°) he 
30 X] - 05+ ‘709 250 
: e+ x | 1801 ago 
1904 _ 970 
« 200— 280 
r 210-1. 290 
4 (a) nd 2204+... 00 
l2 4 2304. #0 
2404. 320 
20 250-1. 330 
‘ 2604. 740 
4 270 4-J50 
sso $6 
s 290 +” 380 
‘ 0 
— b 
, {+ af 320 $ 








Fie. 17. 
BUBBLE-POINT AND DEW-POINT NOMOGRAM FOR GAS OIL AT LOW PRESSURES. 
Note.—Scales A, B, C and A, B, D are used in conjunction. 
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BUBBLE-POINT AND DEW-POINT NOMOGRAM FOR GAS OIL AT HIGH PRESSURES, 
Note.—Scales A, B, C and A, B, D are used in conjunction. 
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Taste VIII. 


Normal Bubble-Point and Normal Dew-Point Values for 100-Octane Fuel, 
Kerosine and Gas Oil at Various Pressures. 





Norma! Bubble-points (° C). 





100-Octane. | Kerosine. 














Normal Dew-points (° C). 





100-Octane. 

















5. GENERAL CONCLUSIONS. 


There are three general methods of determining the boiling-points of a 
liquid hydrocarbon fuel under various conditions of air dilution and total 
pressure, namely :— 


(a) Empirical estimation ; 
(6) Practical measurement ; 
(c) Theoretical calculation from T.B.P. distillation curve. 


Of these, the empirical method is the most convenient, and the practical 
the most accurate. The latter necessitates the most exacting control of 
conditions, and involves considerable practical elaboration and refinement, 
whilst the former, though simple, requiring no practical information other 
than a standard A.S.T.M. distillation of the fuel, gives very unreliable 
results, particularly for fuels outside the gasoline range. 

The theoretical method is the ideal compromise, since it yields reliable 
results and requires only the determination of the fuel’s true boiling-point 
distillation curve, an experiment which is carried out as a routine test in 
the petroleum industry. This method has been fully developed and 
explained in this paper, and has been applied to the two fuels—100-octane 
and kerosine. 

3 H2 
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Consequently, given only this paper and the true boiling-point curve of 
a liquid hydrocarbon fuel, it would be possible to estimate the bubble- 
points and dew-points of that fuel within the total pressure range 1/100 to 
10 atmospheres, and between air/fuel limits of, say, 0:1 to 20:1, with 
an accuracy of +10°C, or +5° C if the fuel were mainly paraffinic. 
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OBITUARY. 
FREDERICK EDWARD CHERRY. 


Ir is with regret that we record the death on November 18, 1946, of 
Frederick Edward Cherry, who became a Member of the Institute in 1920, 
and a Fellow in 1939. 

Born in 1888 he first entered the petroleum industry in 1909, when he 
was employed in Russia with the Maikop Standard Oilfields Ltd. He 
subsequently joined the Scottish Maikop Oilfields Ltd., the Russian Rotory 
Boring Co. and, in 1912, became Manager to the Taman Peninsular Oil 
Syndicate Ltd. In 1915 he went to Trinidad as Manager to Trinidad 
United Oilfields Ltd., and in 1917 was appointed Drilling and Production 
Superintendent to United British Oilfields of Trinidad Ltd. 

Returning to England in 1920 Mr. Cherry was for a time a Special 
Instructor in Drilling in the University of Birmingham and later became 
Chief Engineer of the Oilfield Department of Vickers Ltd. In 1931 he 
founded the English Drilling Equipment Co. Ltd., which he actively 
controlled until the middle of 1945, when ill-health rendered it necessary 
for him to curtail his active direction, although he remained as Chairman. 

By his death at the early age of 58 the industry loses another pioneer and 
a man of charming personality. 





ERRATA. 


“The Application of Variance Analysis to Some Problems of Petroleum Technology.” 
Page 472, line 19. For “ 90 per cent ’’ read ‘‘ 95 per cent ”’. 
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A.S.T.M. rust test for turbine oil, 317 

Acetone, smoke point, 639 

Acetyl pe, determination in gas oil, 
42 


Acetylacetone, aniline number, 694 
Admiralty brass, 237 
Aedes egyptii, 326, 329 
Alcohols, smoke point, 634 
Aliphatic amines, anti-oxidants, 396 
Allophane, in clay, 19 
Alloys : 

ferrous, 231 

high silicon iron, 236 

in petroleum industry, 230 
Allyl alcohol, smoke point, 634 
Almen lubricant testing machine, 208, 


220 , 

“ Alumbro ”’ alloy, 237 

p-Aminophenol, cyclohexene number, 
394 


Amorphous wax, definition, 289 
Amy] acetate, smoke point, 639 
n-Amyl alcohol, smoke point, 634 
Amy] lactate, smoke point, 639 
Amyl propionate, smoke point, 639 
Amy] thiomorpholine, anti-oxidant, 398 
Amyl mercaptyl diethyl ether, anti- 
oxidant, 398 

Aniline, octane number, 697 
Anopheles aquasalis, 323, 326 
Anopheles bellator, 323 
Aromatic amines, anti-oxidants, 396 
Asphaltenes : 

chlorination; 582 

radical reactions, 582 


Asphaltic bitumen. See Bitumen, 
haltic. 
Attapulgite : 
base exchange capacity, 21 
in clay, 19 


Aviation fuel : 
isoheptane as component, 167 
isohexane as component, 167 
a Air Ministry specification, 


Avonmouth, oil fires, 4 
Beidellite, in clay, 19 


Benzene : 
boiling point, 169 
octane number, 169, 692 
smoke point, 632 
toluene from, 660 
Benzene-air mixtures, molecular weight 
determination, 538 





Benzene—pentane mixtures, molecular 
weight determination, 539 


Benzole : 
burning characteristics, 649 
smoke point, 633 
Benzoyl peroxide : 
determination in gas oil, 342, 345 
determination in line, 342, 347 
Benzyl alcohol, smoke point, 634 
Se ee cyclohexene 
number, 394 
Benzyl-p-anisidine, anti-oxidant, 397 
Bitumen, asphaltic : 
use for plastic armour, 257 
wartime uses, 257 
Blending, definition, 289 
Blown oil, definition, 289 
Bombs, incendiary, filling for, 266 
Bromelliads, 323 
Brown-—Bouverie, oxidation test, 315 
Brownsdon testing machine for lubricants, 
207 
Bubble-point, definition, 704 
Burning oil, long-time, definition, 289 
n-Butyl acetate, smoke point, 639 
Buty] alcohol, smoke point, 634 
n-Butyl alcohol, smoke point, 634 
tert.-Butylbenzene, oxidation rate, 402 
or tyrate, smoke point, 639 
Buty! carbinol, smoke point, 634 
Buty] cresol, anti-oxidant, 397 
n-Butyl formate, smoke point, 639 
Butyl lactate, smoke point, 639 
l-tert.-Butyl propanol, aniline number, 
694 


n-Buty] propionate, smoke point, 639 
ie een oxidation rate, 
2 


tert.-Buty] hydroperoxide : 
determination in gas oil, 342, 345 
determination in gasoline, 342, 347 


Cable oil, spreading value, 593 
Cadman Memoria! Lecture, first, 241 
Cadman Memorial Medal, presentation, 


255 

** Callite "’ alloy, 235 

Canadian burning test lamp, 269 

Carboxylic acids, smoke point, 638 

Casinghead gasoline, definition, 289 

Cast iron, 235 

Catalysts, fluid catalytic cracking, 300 

Cellosolve, smoke point, 636 

Cellosolve acetate, smoke point, 636 

Cephalin, anti-oxidant, 398 

Ceresin, definition, 289 

Cetane, smoke point, 632 

Chevrolet dynamometer test for lubri- 
cants, 228 

Chevrolet shock test for E.P. lubricants, 
98, 227 
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Cinchonine, anti-oxidant, 396 
Clay : 
calcium-base-saturated, 21 
for drilling mud, 23 
hydrogen- ‘— 21 
illite group, 1 
kaolin group, 18 
mineralogy, 18 
minerals, exchange, 20 
derivations, 19 
lattice structure, 20 
water adsorption, 20 
montmorillonite—beidellite group, 19 
research and oil development, 18 
sodium-base-saturated, 22 
Compounding, definition, 289 
Co-polymers, definition, 289 
Cornell lubricant testing machine, 212, 224 


fluid » catalysts, 300 
chemicals from, 301 
developments, 295 
downflow unit, 296 
MS-type unit, 298 

Cresol, toluene from, 665 


eo acid 
ion, heat balance, 674 
uct analysis, 676 
sieeatien, 670 
smoke point, 634 
toluene from, 665 
“ Cronite ”’ alloy, 237 
Crude oil : 
assessment as base stock for avi 
fuel, 171 
definition, 289 
, fractionation, 171 
Culecine, 326 
Cumene, antiknock agent, 256 
Cylinder oil, steam, definition, 291 
p-Cymene, smoke point, 632 


Davis Factor flame — lamp, 628 


ion 


» oxidation rate, 402 
meen tow 
definition, 704 
determination, 712 
Di-acetone alcohol, smoke point, 639 
Dibenzyl disulphide, anti-oxidant, 398 


Dibenzyl-p-aminophenyl, cyclohexene 
number, 394 

Dicksite, in clay, 18 

Dicyelohexyl, smoke point, 632 


Diethy] xanthy] ethy ether, anti-oxidant, 
wand 


Diteopro 
Point 169 
pornos ending pan, 175 
octane mn me 169 
Di-iso pylbenzene, smoke point, 632 
2: 3- — l-hexene, octane number, 
91 
2: 2-Dimethylbutane : 


boiling point, 169 
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to 


: 2-Dimetnylbutane—cont. 

octane number, 169 

smoke point, 632 

: 8-Dimethylbutane : 

boiling point, 169 

octane number, 169, 690 

: 3-Dimethy] buty] alcohol, smoke point, 
634 


to 


—_—_ 


: 2-Dimethyleyclohexane, oxidation 
rate, 

: 4-Dimethyleyclohexane, 
rate, 402 

: 1-Dimethyleyclo 

boiling point, 16 

octane number, 169 

: 2- mages ay tane : 

boiling point, 1 

octane si Ae 169 

: 3-Dimethylcy mtane : 

boiling point, 16 

octane number, 169 

oe - dnt 
34 


_ 


oxidation 


_ 


- 


_ 


smoke point, 
blending octane 


preparation and 


2 : 5-Dimethylfuran, 
numbers, 162 
5-Dimethylfuran, 
properties, 164 
2 : 3-Dimethylhexane, 
689 
2 : 5-Dimethylhexane, 
689 


octane number, 
octane number, 


3: 4’-Dimethylhexane, octane number, 
689 
2: 5 aa aiane : 
iling point, 169 
octane number, 169, 690 


| 2:3- -Dimethylpentane : 





boiling point, 169 
octane Lee dh 169, 690 


2: boing palate 160” : 
iling point, 16 
octane number, 169, 690 
3: 3- -Dimethylpentane : * 
boiling point, 169 
octane number, 169, 690 
2 : 6-Dimethylphenyl, 
number, 394 
2:2 2 Diatigtprs 
point, 169 
pm Eoaton, 169 
Di-n-propylketone, aniline number, 694 
—- ridyl, anti-oxidant, 396 
iphoupianda lamine, anti-oxidant, 397 
biphenyl -p- phenylenediamine, 
xidant, 397 
Disalicylal ethylenediamine, anti-oxidant, 
397 


Distillate, pressure, definition, 291 
Distillation : 
multi-component mixtures, reflux ratio 
calculation, 615 


cyclohexene 


anti- 


ternary mixtures, reflux. ratio calcu- 
lation, 598 
Ditert.-butyl-4-methyl phenol,  anti- 
oxidant, 397 
Dithiobisdicyclohexylamine, anti- 


oxidant, 398 
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Drilling mud, clay for, 23 
“ Duriron "’ alloy, 236 


Earth wax, definition, 289 


Ecuador : 
Cautivo, logy, 509 
Guayaquil estuary, geology, 492 


Santa Elena, geology, 505 
Electric logging, 28 
Engine oil, marine, definition, 289 
Engines : 
aero, piston-ring sticking, 59 
internal-combustion, knock, theory, 
162 
Esters, smoke point, 638 
Ethyl acetate, smoke point, 639 
Ethyl acetoacetate, smoke point, 639 
Ethy! alcohol, smoke point, 634 
Ethyl! aniline, octane rating, 697 
Ethyl benzene : 
oxidation rate, 402 
octane number, 692 
Ethyl benzoate, smoke point, 639 
2-Ethyl butyl alcohol, smoke point, 634 
Ethyl butyrate, smoke point, 639 
Ethyl carbonate, smoke point, 639 
Ethyl formate, smoke point, 639 
Ethyl lactate, smoke point, 639 
Ethyl! laurate, smoke point, 639 
Ethyl malonate, smoke point, 639 
Ethy] nitrate, smoke point, 639 
Ethyl oxalate, smoke point, 639 
Ethyl propionate, smoke point, 639 
Ethyleyclohexane, oxidation rate, 402 
Ethylene dibromide, manufacture in 
Great Britain, 256 
Ethylene glycol, smoke point, 636 
Ethylene glycol diacetate, smoke point, 
636 


Extract, definition, 289 


Falex lubricant testing machine, 212, 224 
Falmouth, oil fire, 6 
Faville—Levally lubricant testing machine, 
212, 224 
Films, oil : 
in relation to mosquito control, 323 
spreading pressure, 324 
spreading, theory, 324 
stability on water, 330 
Fires, oil : 
extinction of, 1 
wartime, l n pr 
Flame barrage, land, 
Flame defences, 261 
Flame thrower fuels, 263 


Floyd ing machine for lubricants, 207 | 


Fog, artificial, from petroleum, 257 
Fougasse, 261 
Four-ball lubricant testing machine, 210, 
222 
Friction : 
adhesion theory, 90, 93 
Amonton’s law, 91 
contact area, 92 
metal on metal motion, 92 
temperature at contact points, 91 
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Fuels, 
flame thrower, 263 
gas turbine, vaporization, 703 
hydrocarbon : 
bubble-points, 704 
dew-points, 704 


Gas oil : ° 
bubble-points, 732-735 
dew-points, 732-735 
Gas turbine fuels, vaporization, 703 
Gasoline : : 
aviation, spectroscopic analysis, 260 
bubble-points, 726-728, 735 
burning characteristics, 649 
casinghead, definition, 289 
cracked, organic peroxide determina- 
tion, 342, 346 
destruction methods, 260 
dew-points, 726-728, 735 
loss by evaporation, 531 
loss by temperature changes, 530 
loss by waste, 529 
loss causes, 529 
loss in gauging, 530 
nitrated, smoke point, 636 
smoke point, 633 
stabilized, definition, 291 
vapour in air measurement, 532 
100 octane : 
T.B.P. curves, 722 
vaporization, 703 


| Gasoline-air mixtures, molecular weight 


determination, 532 
Gas oil : 
film stability on water, 331 
—_— peroxide determination, 342, 


spreading pressure on water, 325 
— to mosquito larvae, 327, 328, 


Gauss Law of Error, 467 
Gels, hydrocarbon : 
burning, volatility effect, 653 
smoke production : 
viscosity effect, 651 
volatility effect, 652 - 
smoke production and burning charac- 
teristics, 643 
Geological exploration, 243 


| Geophysical methods, application to oil 
244 





search, 
Glacial acetic acid, smoke point, 638 
Gleason four-square test, 38 
Glycerol compounds, smoke point, 636 
Glycol, smoke point, 636 
Gosport, oil fires, 5 
Great Britain : 


petroleum industry in wartime, 256 
toluene from _ indigenous sources, 


a Estuary, Ecuador, geology, 
49 
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Halloysite : 
base exchange capacity, 21 
in clay, 19 
Hectorite, in clay, 19 
n-Hep tane : 
boiling point, 169 
burning characteristics, 640 
cyclization : 
catalyst effect, 677 
temperature effect, 679 
octane number, 169 
properties, 677 
smoke point, 632 
toluene from, 677 
n-Heptanol, aniline number, 694 
Heptene, smoke point, 632 
cycloHexane : 
boiling point, 169 
octane number, 169 
smoke point, 632 
tso-Hexane, octane blending factor, 175 
n-Hexane : 
boiling point, 169 
octane lending — 175, 177 
octane number, 169 


neoHexane : 
boiling point, 169 
octane blending factor, 175 


octane number, 169 
Hexene, smoke point, 632 
cycloHexanol, smoke point, 634 
cycloHexanone, smoke point, 639 
cycloHexene, smoke point, 632 
cycloHexy] acetate, smoke point, 639 
n-Hexy] alcohol, smoke point, 634 
Hydrocarbon gels. See Gels. 
Hydrocarbons : 
aromatic : 
octane number, 692 
oxidation rate, 402 
aromatic-naphthenic, oxidation pro- 
ducts analysis, 384 
knock characteristics, 687 
liquid 
hydroperoxide formation mechanism, 


caiaien catalyst specificity, 403 
oxidation, inhibitor effect, 405 
oxidation mechanism, 382 
oxidation products, sequence, 382 
oxidation reactivity, structure in- 
fluence, 400 
oxidation stability, 401 
peroxides in, 382 
mixed, oxidation, 403 
naphthenic, oxidation 
analysis, 384 
naphthenes, oxidation rate, 402 
octanes, octane numbers, 689 
iso-olefins, octane numbers, 691 
olefins : 
oxidation, catalyzed reaction, 389 
oxidation, thermal reaction, 386 
oxidation reaction at 100° C, 515, 525 
iso-paraffins, octane numbers, 6 


products 


oxidation products analysis, 384 
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| Hydrocarbons—cont. 


paraffin—cont 
oxidation rate, 402 
smoke point, 631 
synthetic : 
viscosity—density correlation, 156 
viscosity—molecular weight correla. 
tion, 153 
Hydroquinone, oxidation inhibitor, 444 
Hydroxyaryl thioethers, anti-oxidants, 
398 
Hypoid gear : 
advantages, 33 
development, 32 
lubrication, 32 
mechanical origins, 32 
Hydraulic fluid, rll 289 
Hydraulic oil, for use in aircraft, 257 


Illite : 
base exchange capacity, 21 
in clay, 19 
‘** Immaculate 5”’ alloy, 234 
Institute of Petroleum : 
Annual General Meeting, Thirty-Third, 
292 


annual report 1944, 45 
Insulating oil : 
cable, spreading value, 593 
definition, 289 
Iran, oil exploration, 247 
Isobuty] acetate, smoke point, 639 
Isobuty]l alcohol, smoke point, 634 
Isobutyl butyrate, smoke point, 639 
Isobuty] carbinol, smoke point, 634 
Isobutyl propionate, smoke point, 639 
Isoheptane : 
component as aviation fuel, 167 
constitution, 175 
production, 172 
production in Abadan, 182 
properties, 174 
Isohexane : 
analysis, 177 
component of aviation fuel, 167 
constitution, 173 
production, 172 
production in Abadan, 182 
properties, 174 
Isopropy! alcohol, smoke point, 634 


Jelly : 
mineral, definition, 290 
petroleum, definition, 290 


Kaolin, in clay, 18 
Kaolinite, base exchange capacity, 21 
Kerosine 
bubbie-points, 729-731, 735 
burning test : 
history, 269 
variables in, 272 
wick extraction method, 288 
wick treatment, 278 
- value, 269 
a 729-731, 735 
oomiite rium distillation, 713 
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Kerosine—cont. 
film stability on water, 331 
power, definition, 291 
g pressure on water, 325 
.B.P. curves, 722 
toxicity to mosquito larve, 327, 328, 
330 


vaporization, 703 
Ketones, smoke point, 638 
Knock in engines, theory, 162 
Knock. —eae test methods, 686 
“Kunial ’’ alloy, 239 


Lauroy! peroxide : 
determination in gas oil, 342, 345 
determination in gasoline, 342, 347 
Lead tetraethyl, manufacture in Great 
Britain, 256 
Lecithin, anti-oxidant, 398 
“ Liseta,’’ 8.S., fire on, 8 
Long-time burning oil, definition, 289 
Lubricants : 
chlorine additives reaction with iron, 
112 
chlorine and sulphur additives : 
decomposition by hydrogen, 104 
decomposition on iron powder, 105 
extreme pressure, 32 
additive stability test, 99 
chlorine additives reactivity, 103 
chlorine and sulphur effect, 576 
chlorine—sulphur additives, 96 
development by chlorine and sulphur 
additives, 575 
ferrous chloride and sulphide effect, 
578 
Gleason four-square test, 38 
hydrogen chloride effect, 579 
mechanical testing, 206 
pressure wear index, 223 
Chevrolet shock test, 98 
S.A.E. machine test, 38 
sulphur additives decomposition, 101 
testing, 37 
testing, Almen machine, 208, 220 
testing, Brownsdon tester, 207 
testing, Chevrolet dynamometer 
test, 228 
testing, Chevrolet shock test, 227 
testing, Cornell machine, 212, 224 
testing, correlation of results, 214 
testing, Falex machine, 212, 224 
testing, Faville—Levally machine, 
212, 224 
testing, Floyd testing machine, 207 
testing, four-ball machine, 210, 222 
testing, S.A.E. machine, 212, 225 
testing, Smith wear tester, 207 
bewemeee ery ne machine, 209, 220 
ferrous chloride film growth on iron, 103 
gear, U.S. specification, 42 
hypoid : 
lead soap- eM 
concentrates, 41 
low-melting-point compounds, 95 
molecular weight correlation with 
density and viscosity, 146 
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Lubricants—cont. 
molecular weight correlation with 
viscosity, 1 
molecular weight data, 134 
oxidation, 406 
spreading pressure on water, 325 
sulphur ditives reaction with iron, 
113 
sulphur—chlorine additives reaction with 
iron, 113 
Lubrication : 


boundary, mechanism, 93 
extreme-pressure, 94 
action of organic chlorine and sulphur 
compounds, 90 
by sulphur and chlorine additives, 


hypoid gear, 32 
** Lucellum,”’ 8.8., fire on, 7 


Marine engine oil, definition, 289 
‘“* Mechanite ”’ alloy, 236 
Mesitylene : 

octane number, 696 

oxidation rate, 402 
Metals in petroleum industry, 230 
Methyl acetate, smoke point, 639 
Methy] alcohol, smoke point, 634 
1-Methy]-4-allyl-1-benzene, octane num- 

r, 696 

Methyl butyrate, smoke point, 639 
Methy] propionate, smoke point, 639 
Methyl propyl carbinol, smoke point, 634 
2-Methylbutane : 

boiling point, 169 

octane number, 169 
Methylceyclohexane, smoke point, 632 
Methyleyclopentane : 

boiling point, 169 

octane number, 169 
Methylethylketone, smoke point, 639 
2- —— 3. ethylpentane, octane number, 


3-Methyihe tane, octane number, 689 
2-Methy]-2-heptene, octane number, 691 
2-Methylhexane : 

boiling point, 169 

octane number, 169 
3-Methylhexane : 

boiling point, 169 

octane number, 169 
1-Methylhexanol, aniline number, 694 
a -hexylketone, aniline number, 


p- —" co 


1-Methy]-4-iso- a 
number, 
1-Methyl- 4-isopropylcyclohexane, 
tion rate, 402 
2- Methylpentane : 
boiling point, 169 
octane number, 169, 690 
3-Methylpentane : 
boiling point, 169 
octane number, 169, 690 


oxidation 
octane 
oxida- 
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Metre cube system for smoke measure- | 
ment, 

Microcrystalline wax, definition, 289 

Mineral colza, definition, 290 

Mineral jelly, definition, 290 

Mineral oil : 


definition, 290 
oxidation reaction at 100° C, 515, 525 
Mineral seal, definition, 290 
Mineral sperm, definition, 290 
Monel metal, 238 
Montmorillonite : 
base exchange capacity, 21 
in clay, 19 
Mosquito control : 
mineral oil films in relation to, 323 
oil application methods, 333 
oil composition and toxicity, 330 
oil —— pressure and toxicity, 
9 


oil toxicity, 326 
oil viscosity and toxicity, 330 
Motor fuel, chemical structure and 
detonation, 685 
** Mud-acid,”’ 25 
Multi-component mixtures, reflux ratio 
calculation, 615 
Muntz metal, 237 


Nacrite, in clay, 18 
Naphthalene : 
oxidation rate, 402 
toluene from, 665 
Naphthenic acid, smoke point, 638 
a-Naphthol, cyclohexene number, 394 
B-Naphthol : 
anti-oxidant, 398 
cyclohexene number, 394 
‘* Ni-resist ” alloy, 236 
Nitro compounds, smoke point, 637 





Nitro-ethane, smoke point, 636 
Nitro-isobutane, smoke point, 636 
Nitro-methane, smoke point, 636 
Nitro-propane, smoke point, 636 
Nontronite, in clay, 19 


Obituary : 





Cherry, Frederick Edward, 738 
, E. H. Cunningham, 351 
Sutton, William, 351 
Taylor, John Falconer, 684 
Wilson, John H., 240 
isoOctane, smoke point, 632 
n-Octane, octane number, 689 
3-Octene, octane number, 691 
Octyl acetate, smoke point, 639 
Oil films. See Films, oil. 
Oil sand, grain size, 26 
Oilfields, developments, 247 
Oleic acid, smoke point, 638 
Oxidation, sp’ ing value test, 595 
Ozokerite, definition, 290 


Paraffin, soft, definition, 291 
Paraffin scale, definition, 290 
Paraffin wax, definition, 290 
Pembroke Dock, oil fire, 1 


' 
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1: 3-Pentadione, aniline number, 694 
cycloPentane : 
boiling —" 169 
octane ending factor, 175 
octane es 169 
smoke point, 632 
isoPentane : 
boiling point, 169 
octane number, 169 
smoke point, 632 
n- cee 
int, 169 
perme lending factor, 175 
octane number, 169 
smoke point, 632 
neoPentane : 
boiling point, 169 
octane number, 169 
Pentane-air mixtures, molecular weight 
determination, 536 
Pentene, smoke point, 632 
Peroxides, organic : 
determination by dichromate method, 
344 


in hydrocarbons : 
determination, 341 

hydroperoxide, 382 

monomeric peroxides of conjugated 
dienes, 383 

polymeric —— of conjugated 
dienes, 

transannular peroxides, 383 

Petrolatum, definition, 290 


| Petroleum Board : 


Enenty Fuels and Lubricants Com- 
mittee, 260 
Enemy Petroleum Resources Com. 
mittee, 260 
Technical Advisory Committee, 259 
Petroleum ceresin, definition, 290 
Petroleum ether : 
burning characteristics, 649 
smoke point, 633 
Petroleum jelly, definition, 290 
Petroleum resins, definition, 290 
Petroleum Warfare Department, 261 
Phenols, anti-oxidants, 397 
Phenyl-n-buty] ketone, smoke point, 639 
ain - ee cyclohexene number, 
94 


1-Phenyl-2-methylpropene, octane num- 
r, 696 

2-Phenylpropene, octane number, 696 

Pinene, smoke point, 632 

Piperazines, anti-oxidants, 396 

Piperidine, anti-oxidant, 396 

Piston-ring sticking in aero engines, 5! 

** Plumboleum,”’ 3 

Polymerization, definition, 290 

Polymers, definition, 290 

Pour point, definition, 290 

Power kerosine, definition, 291 

Pressure distillate, definition, 291 

Pressure wear index of lubricants, 223 

Production, oil, clay research, 18 

n-Propyl acetate, smoke point, 639 

n-Propy] alcohol, smoke point, 634 
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isoPropylbenzene, octane number, 696 
|-Propylbutanol, aniline number, 694 
Propy! butyrate, smoke point, 639 
n-Propyl formate, smoke point, 639 
isoPropylbenzene, oxidation rate, 402 
isoPropyleyclohexane, oxidation rate, 402 
Pyridine, anti-oxidant, 396 

Pyrogallol, cyclohexene number, 394 
pyrrole, anti-oxidant, 396 


Quinine, anti-oxidant, 396 
Quinoline, anti-oxidant, 396 


Raffinate, definition, 291 

Redwood burning test apparatus, 269 

Refining, developments, 250 

Reflux ratio calculation : 
multi-component mixtures, 615 
ternary mixtures, 598 

Resins, petroleum, definition, 290 

Resorcinol, cyclohexene number, 394 


§.A.E. extreme pressure machine, 38, 212, 
225 


Saponite, in clay, 19 
Saybolt burning test lamp, 269 
Scale, white, definition, 291 
Scale wax, definition, 291 
Shale oil, definition, 291 
Shooting of wells. See Wells, shooting of. 
Signal oil, definition, 291 
Simulated field service test for turbine 
oil, 315 
Smith wear tester for lubricants, 207 
Smoke point : 
hydrocarbons, 631 | 
lamp for, 628 
organic substances, 627 
relation to molecular structure, 638 
Smoke production : 
hydrocarbon base effect, 647 
Smoke production : 
measurement, 643 
Smoke-screens, from petroleum, 257 
Solar oil, definition, 291 
Special boiling point spirit : 
burning characteristics, 649 
definition, 291 
smoke point, 633 
Spindle oil, definition, 291 
Spreading value, oil : 
application, 593 
measurement, 587 
Stabilized gasoline, definition, 291 
“ Staybrite ’’ steel, 233 
Steam cylinder oil, definition, 291 
Steel : 
high tensile, 232 
medium alloy, 232 
mild, 231 
stainless, 233 | 
“ Staybrite,”’ 233 








Tankers, fires, wartime, 7 

“ Tantiron ’’ alloy, 236 

Ternary mixtures, distillation, reflux 
ratio calculation, 598 
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Testing petroleum, variance analysis 
application, 465 

Tetrahydrofurfuryl-p-aminophenol, anti- 
oxidant, 397 


Tetralin : 
hydrogenation-cracking yields, 665 
oxidation : 
catalyzed reaction, 389 
rate, 402 
thermal reaction, 387 
smoke point, 632 
2: 2:3: 3-Tetramethylbutane, octane 
number, 690 
3:3:4:4-Tetramethylhexane, octane 
number, 690 
Tetramethylmethane, octane number, 
90 


6 
2:2:3:3-Tetramethylpropanol, aniline 
number, 694 
Tetramethyl thiuram disulphide, anti- 
oxidant, 398 
Tetrane, octane number, 690 
Thameshaven, oil fires, 3 
Timken lubricant testing machine, 209, 
220 . 
Toluene : 
from benzene, 660 
from cresol, 665 
from cresylic acid, 665 
from n-heptane, 677 
from naphthalene, 665 
from petroleum, wartime production, 
249, 256 
from xylene, 662 
octane numbers, 692 
smoke point, 632 
Toluidine, octane rating, 697 
Transformer oil : 
acidity : 
aromatic extract effect, 372 
factors effecting, 436 
I.M.E.A. questionnaire, 436 
sulphur compounds effect, 373 
sulphur effect, 373 
anti-oxidants, 395 
B.S. 148, proposed amendment, 363 
D.C. resistance test, 452 
definition, 291 
E.R.A. questionnaire replies, 358 
general discussion, 355 
high ash content, 377 
loss of insulation resistance, 378 
low ash content, 377 
oxidation and anti-oxidation, 392 
oxidation tests : 
American, 415 
British, 418 
German, 419 
requirements, 414 
Swedish, 420 
Swiss, 422 
properties required, 365 
refining : 
developments, 365 
distillate selection, 366 
method effect on product, 369 
solid degradation products, 373 
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Transformer oil—cont. 
refining—cont. 
solvent treatment, 371 
sulphuric acid treatment, 370 


research : 
British 1937 programme, 361 
E.R.A. contribution to international, 
356 
resistivity, 
379 
sludge test, 408 
condenser water temperature effect, 
424 


aromatic extract effect, 


correlation between laboratories, 408 
sludging value : 
aromatic extract effect, 375 
calcium sulphonate effect, 376 
paraphenylenediamine effect, 376 
sulphur compounds effect, 375 
sulphur effect, 375 
Triacetin, smoke point, 636 
2:2: 3-Trimethylbutane : 
boiling point, 169 
octane number, 169, 690 
2: 2:3: 3-Trimethylbutane, octane num- 
ber, 689 
1:3: 5-Trimethylcyclohexane, oxidation 
rate, 402 
Trimethylpentane, smoke point, 632 
22: ee octane num- 
r, 6 
2 : 4-Trimethylpentane, 
ber, 689 
2:3: 3-Trimethylpentane, octane 
ber, 689 
2:3: 4-Trimethylpentane, octane num- 
ber, 689 
2:4: 4-Trimethy]l-1-pentene, octanenum- 
ber, 6 
Trimpell plant, 256 
Trinidad : 
Miocene sands, grain size, 26 
mosquito control, 323, 334 
Triptane, octane number, 690 
Turbine oils 
A.S.T.M. oxidation test, 315 
additive compatability, 314, 320 
base oil stability, 314 
Brown-—Bouverie oxidation test, 315 
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Turbine oils—cont. 
chemical activity, 314, 320 
definition, 291 
development of, 313 
evaluation, 314 
field testing, 321 
inhibitor response, 314 
oxidation tests, 315 
rust tests, 317 
simulated field service test, 315 


Vanadium, from petroleum, wartime useg, 
258 


Vaporizing oil, definition, 291 
Vapour pressure, determination, 711 
Variance analysis : 
application to petroleum technology, 
465, 738 
Gauss Law of Error, 467 
uped data, 469 
tin square, 476 
paired data, 470 
randomized blocks, 472 
Victane, 256 


Wartime, petroleum in, 257 
Wax: 
amorphous, definition, 289 
earth, definition, 289 
microcrystalline, definition, 289 


definition, 290 
oxidation reaction, 656 
scale, definition, 291 
Wells, shooting of : 
asbestos—cement liner, 120 
L-delay timing device, 122 


” roblems in, 119 
te scale, definition, 291 


Xylene : 
hydrogenation-cracking yields, 664 
octane numbers, 692, 696 
oxidation reaction at 100° C, 525 
smoke point, 632 
toluene from, 662 

Xylidine, octane rating, 697 


| “* Yorealbro ’’ alloy, 237 














